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Kevin Buckley 
Abstract 
Bone is a composite material comprising an organic collagen scaffold surrounded by mineral 
platelets. The weight ratio of mineral to collagen is not constant, and hence the mechanical properties 
of the material can vary. In this thesis, the analytical technique Raman spectroscopy (which uses 
inelastically scattered photons to probe chemical composition) is used to explore the hypothesis that 
the mechanical properties of bone material are adapted in differently loaded regions by a subtle tuning 
of the collagen chemistry, which controls the mineral to collagen ratio. The question is first 
approached by looking at Raman spectra of a range of bony materials which are adapted to different 
functions. Bone material composition in different loading environments within individual bone organs 
is then examined, and finally, collagen Raman band profiles from a range of bony material are 
examined to search for variations which would signify differences in collagen chemistry. 
The results of the experiments show that for the functionally adapted bony materials a correlation 
exists between the Raman spectra and mechanical properties. Raman data from further experiments 
show that there are anatomical regions near the ends of long bones where the mineral to collagen ratio 
is lower than average (that this may be another adaptation of mineral/collagen ratio to function is 
discussed). Finally, analyses of Raman band profiles are presented which show that there are 
differences in the collagen chemistry of the various functionally adapted bony materials. 
The work furthers our understanding of the relationship between the mechanical properties of bone 
material and its Raman spectrum, a relationship which is of great importance if Raman spectroscopy 
is to be developed as an in vivo technique. Understanding the regional variations in mineral to 
collagen ratio will be vital if Raman spectroscopy is to be utilised to measure the mechanical integrity 
of whole bone organs. The elucidation of the band profile differences may provide a therapeutic target 
for the management of bone conditions i.e. enabling the control of the mechanical properties of bone; 
further research is required to determine what specific aspect of the collagen chemistry they represent, 
and to establish the causal relationship from the spectra to mechanical properties. 
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Abbreviations, Conventions and Formulae 
Abbreviations 
NMR – Nuclear Magnetic Resonance 
NCP – Non-collagenous proteins 
ECM – extracellular matrix 
EM – electromagnetic radiation 
C.T. – Computed Tomography 
pQCT – peripheral Quantitative Computed Tomography 
DXA – Dual x-ray absorptiometry 
BMD – Bone Mineral Density (BMD) 
aBMD – areal Bone Mineral Density 
DNA – Deoxyribonucleic acid 
QUS – Quantitative ultrasound 
MRI – magnetic resonance imaging 
PET – Positron emission tomography 
E.M. – Electron Microscopy 
SEM – Scanning Electron Microscopy 
T.E.M. – Tunnelling Electron Microscopy 
EDX  – Energy-dispersive X-ray spectroscopy 
SAS – Small Angle Scattering 
SAXS – Small Angle X-ray Scattering 
SANS – Small Angle Neutron Scattering 
IR – Infrared electromagnetic radiation 
UV – Ultraviolet electromagnetic radiation 
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THz – Terahertz 
N.A. – Numerical Aperture 
CCD – Charge Coupled Device 
Formulae 
Stress = Force / Area 
Strain = (Elongated length – Original length) / Original length 
Total energy of a molecule = Electronic energy + Vibrational energy + Rotational energy + 
Translational energy 
- ETotal =   EElectronic + EVibration + ERotation + ETranslation 
Boltzmann Distribution: Number molecules in the upper state / Number of molecules in the lower 
state = e
(-Difference in energy/Boltzmann constant x Temperature)
 
- Nupper/Nlower = e
(-ΔE/kT)
 
Energy of a Photon = Planck‟s constant x Frequency of the photon  
      = Planck‟s constant x (Velocity of the photon / Wavelength of the photon)  
- E = v2-v1 = h ν = h c/λ 
Depolarisation ratio = Intensity of the parallel polarised light / Intensity of the perpendicularly 
polarised light 
- ρ = I┴ / I║ 
Abbe diffraction limit: Diameter of smallest spot = Wavelength of light / 2 x Numerical Aperture 
- d = λ / (2 x N.A.) 
Numerical Aperture = Refractive index x Sin (Acceptance angle) 
- N.A. = n x Sin ( ) 
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Conventions 
Bone Material - The hard material from which bones are made (i.e. arrangements of mineralised 
collagen fibrils). 
Matrix - The contiguous material which surrounds the reinforcing material in a composite material, 
i.e. in reinforced concrete, the steel rebars are the reinforcing material and the concrete is the matrix. 
Raman Spectra – Only Stokes shifted spectra are shown. They are plotted with shift (in wavenumber) 
increasing from left to right. 
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Introduction and Summary 
“it would be impossible to build up the bony structures of men, horses, or other animals so as to hold 
together and perform their normal functions if these animals were to be increased enormously in 
height; for this increase in height can be accomplished only by employing a material which is harder 
and stronger than usual, or by enlarging the size of the bones” 
        Galileo Galilei
1
 
The human skeleton comprises over 200 bones. These bones have many functions; they shield and 
protect sensitive organs from damage, they act as a reservoir for mineral ions, they transmit acoustic 
vibrations and they house the bone marrow which is responsible for producing blood cells. The other 
main function of bones is to transmit muscular forces, i.e. they are the levers of bodily mechanics. The 
factors which determine whether bones can withstand the forces put on them, and thus perform their 
functions, can be divided into two broad categories; structural/architectural properties and material 
properties. The structural/architectural properties of a bone are dependent on the quantity of material 
from which it is made and its three-dimensional arrangement. This thesis is concerned with the latter 
category and will use Raman spectroscopy (a spectroscopic technique in which inelastically scattered 
photons are collected and analysed), to probe the chemical composition of the bone material itself. 
Bone is a composite material comprising a collagen fibril scaffold surrounded by crystals of a 
hydroxyapatite-like mineral. The relative proportions of mineral and collagen in bone are not constant 
and their ratio largely determines the bone material‟s mechanical properties,2,3 even small changes in 
its composition can lead to a rapid changes in the mechanical properties.
4,5
 Thus, measuring the 
relative ratio of mineral to collagen and understanding the biochemical processes which control it, are 
vitally important. The main advantage of using Raman spectroscopy to study bone material is that, 
unlike x-ray techniques, it can provide information from both its mineral and collagen phases.  
The thesis begins with a description of the composition of bone material and some important concepts 
related to its mechanical behaviour, some of the most widely used methods for imaging and analysing 
bone material will then be introduced. The next chapter gives an introduction to Raman spectroscopy, 
starting from the theory which underlies it and progressing onto the general description of a Raman 
instrument. An overview of the many Raman studies of bone material in the literature is given; they 
include emerging developments (such as Spatially Offset Raman Spectroscopy) which have enabled 
the retrieval of chemically specific information from bone non-invasively through the skin. 
17 
 
The third chapter begins with a technical description of the Raman instrument which was used to 
record the data presented in this thesis and an outline of the experimental methodology. A 
technological advance in Raman spectroscopy which was developed during the course of thesis 
research is then described. The technique can be used to improve sensitivity when probing turbid 
media and may be of use to those who are developing Raman spectroscopy as a tool for analysing 
bone material in vivo.
6
 
Chapters Four, Five and Six give the main results stemming from the research on bone material, they 
begin with the well established premise that each bone in the skeleton has a mineral to collagen ratio 
which is adapted to produce mechanical properties that suit the specific bone‟s function.7 The research 
question that drives the work is: 
Are the mechanical properties of bone material adapted in differently loaded regions by a subtle 
tuning of the collagen chemistry which controls the mineral to collagen ratio? 
This question is approached by forming three related and null hypotheses and exploring each of them 
in its own chapter: 
 No correlation exists between Raman bands and mechanical properties for bony materials that 
differ widely in mineral volume fraction 
 The mineral/collagen ratio does not vary in any ordered way along the cortices of long bones 
 The collagen in bone materials with different mineral volume fractions is identical and varies 
only in quantity 
In order to explore the hypotheses, Raman studies are performed on a wide variety of functionally 
adapted bony materials whose mineral/collagen ratio span the range found in nature; it is this feature 
that sets this work apart from many of the Raman studies of bone in the literature. Chapter Four 
explores the first hypothesis, the results in the chapter show that mineral to collagen ratio as measured 
with Raman, accounts for a much of the mechanical property difference between different bony 
materials. 
Chapter Five explores the second hypothesis; it reports the variation in the mineral to collagen ratio 
occurring in bone material occurring at different points in the cortex of long bones, specifically along 
main axes. The changes were first seen in metacarpal bones from equine cadavers and afterwards in 
other long bones. In the past, many studies have measured differences in the mechanical properties of 
the bone material along the proximodistal axis suggesting that the findings presented here may be 
18 
 
relevant to all long bones. The work will be of interest to orthopaedic scientists and to biologists or 
zoologists interested in the anatomy of bones. 
Since Raman spectroscopy can provide information on both the mineral and collagen phases of bone 
material, there are two important questions that it may shed light on; what are the biochemical 
processes by which the mineral to collagen ratio is controlled? And, how are the mineral crystals and 
collagen fibrils bound together? Subtle changes in the Raman spectra of extreme bone materials are 
presented in Chapter Six that may illuminate the collagen chemistry relevant to these questions. If one 
could interpret the Raman spectral changes in the functionally adapted bones and engineer the subtle 
collagen chemistry they represent, then one could possibly produce bone materials with particular 
mechanical properties, this would obviously be of great interest to medical science. The work forms 
the basis of the paper “Collagen Chemistry is Altered in Bones with Different Mineral Volume 
Fractions; a Study using Raman Spectroscopy and Bony Materials with Different Functions” which 
was presented at the Orthopaedic Research Society Annual Meeting in Long Beach, California in 
January 2011. 
Finally, the thesis concludes with a general discussion of the questions which the research has raised. 
19 
 
1. Bone Material & Bone Imaging/Analysis 
This chapter will introduce the major concepts relevant to this study; the first section will describe, 
from the molecular to the macroscopic levels, the substance from which the bones are made (the bone 
material). The second section will describe techniques which have been used to assess bone material 
at the different hierarchical level in the past. The multidisciplinary nature of the research means all 
concepts are introduced from first principles. 
1.1 Composition of Bone Material 
Bone material has remarkable mechanical properties and the structures made from it (the bone organs) 
remain rigid even after being subjected to many thousands of cycles of immense force, e.g. the 
stresses (force per unit area) in the long bones of a horse‟s forelimb can easily exceed 40 MNm-2 
during each stride.
8
 Bone is able to sustain these immense forces repeatedly because it is a composite 
material with two phases which both contribute to its performance; they are a fibrous scaffold of 
collagen fibrils (which give the bone material its toughness) and a stiff solid matrix of tiny 
hydroxyapatite crystals (which give the bone material its stiffness). 
Collagen 
The organic scaffold of bone material consists of the fibrillar protein collagen; it is secreted along 
with other non-collagenous proteins by bone cells, becomes mineralised and develops as bone 
material. The mineralisation has two stages; primary mineralisation (first few days) in which the 
mineral content increases rapidly to over 50% of its final value and secondary mineralisation, the long 
slow gradual increase to 100%.
9
 Collagen type I, which accounts for 95% of the collagen in bone
10
 is 
coded as three polypeptide chains; two identical peptide chains (alpha one chains) and one other 
similar chain (an alpha two chain). One end of each alpha chain terminates in an amino functional 
group (–NH2) group and the other end terminates in a carboxyl group (–COOH).
11
 In humans, the 
alpha one chain and alpha two chains are encoded by genes on chromosome 17 and chromosome 7 
respectively.
12
 Each chain is roughly 1000 amino acids long and consists of a repetitive triplet pattern, 
defined by the presence of glycine (Gly) at every third position, along most of its length.
13
 Usually the 
second (X) and often the third (Y) position in the collagen triplet (Gly-X-Y) are occupied by proline 
(Pro).
10
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Figure 1.1 Two sections of collagen α1 chain. The amino acid triplet-sequences in both chains are 
(from the top) Gly-Pro-Gly_Gly-Pro-Pro_Gly-Pro-Lys but in the right hand chain the third proline 
and the lysine have been hydroxylated. 
 
After the polypeptide chains have been translated, some of the proline acids present in the X and 
(more usually) the Y positions are hydroxylated; a hydroxyl (-OH) group is added to the gamma 
carbon. The lysine (Lys) residues in the alpha peptide chains can also have one of the carbons in their 
side chains hydroxylated (Figure 1.1). The hydroxylation of proline and lysine is a distinctive feature 
of collagen. 
The presence of glycine at every third position along the alpha chain causes them to fold and form 
left-handed helixes along most of their length (there are non-repetitive, non-helical regions at each 
end). The three helical chains aggregate and intertwine to form a quaternary structure, a right-handed 
super helix called a tropocollagen.
14
 These tropocollagen molecules are about 300 nm long and 
1.5 nm in diameter. The tropocollagen aggregate to form bundles called micro-fibrils and the micro-
fibrils aggregate to form fibrils.
15
 These collagen fibrils have typical diameters of 50 to 200 nm and 
are the fibrous structural unit in the bone material composite.
16
 The tropocollagen to collagen-fibril 
aggregation is an ordered process with the adjoining 300 nm long tropocollagen molecules being 
offset from each other by 67 nm along the long axis. Since the 300 nm is not divisible by the 67 nm, a 
periodic banding pattern is created along the long axis where the „remainders‟ line up, these holes are 
21 
 
called gap regions, and are thought to be where most of the mineral crystal nucleation occurs in bone. 
Figure 1.2 shows a cross section of a collagen fibril with the gap regions illustrated in red (the figure 
is from a paper which used x-ray diffraction data of rat tail tendon to produce a computer model of a 
collagen type I (tendon) fibril).
17
 
 
Figure 1.2 Computer model of a rat tail tendon collagen fibril (cross section), the 67 nm stagger is 
illustrated with colours, cross-sections of tropocollagen are green and cross-sections of gaps are 
red. The scale bar is equal to approximately 15 nm. This figure is from Ref.  17. 
 
The neighbouring tropocollagen molecules are joined together by covalent cross-links found within 
and between the micro-fibrils. They are formed when one lysine residue in a tropocollagen‟s helical 
region joins with a lysine residue from the non-helical („non-repetitive‟) region of another 
tropocollagen. These linked lysyl groups form an initial keto-imine cross-link which can then mature 
into various other types of cross-link.
18
 The cross-links are of vital importance and when their 
formation is inhibited using drugs, the bone material loses most its strength.
19
 Collagen cross-links 
will be discussed again in later chapters. 
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Mineral 
The collagen fibrils are surrounded by a solid matrix of tiny, closely packed mineral crystals. The 
morphology of the crystals has been contentious but it is now widely accepted that in mature bone 
they are platelet shaped, with thickness in the range of 2 to 7 nm, a length of 15 to 200 nm and a width 
of 10 to 80 nm.
20
 The mineral is analogous to naturally occurring hydroxyapatite, (Ca10(PO4)6(OH)2), 
but the small size of the crystals (and thus their large surface to volume ratio) mean substitutions 
readily occur; cations such as Mg
2+
, Sr
2+
, Fe
2+
, Pb
2+
, Na
+
, K
+
 take the place of calcium, and anions 
such as CO3
2-
, F
-
, HPO4
2-
, H2PO
4-
 take the place of phosphate groups or hydroxyl groups. Carbonate 
ions (C03)
2-
 are often substituted for phosphate groups, hydroxyl groups, or for both.
21
 
The exact relationship between the mineral crystals and the collagen fibrils at the molecular level has 
not yet been fully clarified. The situation at the nanoscale is clearer; the mineral platelets are found 
within and between the collagen fibrils, and that they are mostly orientated in the same direction with 
their faces parallel to each other and their long axes parallel to the long axis of the collagen fibrils 
(Figure 1.3).
22
 The outer surfaces of the collagen fibrils are also coated in hydroxyapatite.
23,24 
 
Figure 1.3 Schematic sketch of the 3-D arrangement of a mineralised collagen fibril. The mineral 
crystals platelets (in yellow) are staggered, the thick black lines are an attempt to show the stagger 
in side profile. The figure is adapted from Ref. 22. 
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Water 
Water can account for 5-20% of the weight of bone material (Figure 1.4).
2,3
 Water fills pores where it 
acts as an interstitial fluid, diffusing nutrients, removing waste, etc.
25
 Many studies of this fluid have 
been reported and it has been implicated in many aspects of whole bone organ behaviour, including 
the mechanosensory system.
26
 Water affects the mechanical properties of bone, with dry bone being 
more brittle than wet bone even if the ratio of organic material to mineral remains the same.
27
 It is 
probable that this is because dried collagen is more brittle than wet collagen (observable in any 
sample of dried tendon). The removal of water from bone causes the average spacing between the 
collagen molecules to decrease (e.g. from ~1.24 nm to ~1.16 nm for cow tibia).
2,28
  
At smaller (molecular) scales, Nuclear Magnetic Resonance (NMR) spectroscopy techniques have 
been used to observe water molecules in, and between, the bone mineral crystals and at the interface 
between the mineral and the organic phase of the bone material composite, however, the water‟s exact 
structural role and how it contributes to the mechanical properties of the material are still unclear.
25,29 
 
Figure 1.4 Schematic representation of ternary diagrams adapted from references 2 and 3, the 
references give the weight fractions of mineral, water and organic material for dozens of bone 
samples, they all lie along this red line. 
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Non-Collagenous Proteins 
Collagen constitutes 80-90% of the organic material mass in bone but it is not the only protein with an 
essential role. A number of non-collagenous proteins (NCPs) have been shown to be important for 
controlling the mechanical properties of bone material and maintaining the performance of the 
skeleton.
10
 For example, fibronectin, one of the most abundant NCPs in bone, is thought to have 
critical roles in bone development and bone function; in particular it may regulate the mineralisation 
of bone by binding to other matrix proteins and it may regulate and control the cells which create the 
bone material. Another NCP, Osteonectin, is found throughout the body, particularly at sites of bone 
remodelling and matrix assembly. Osteonectin has a strong affinity for both collagen and mineral, and 
it has been theorized that it regulates mineralisation.
10
 Yet another NCP, Thrombospondin-2, has been 
shown to inhibit the production of bone producing cells (by modulating cell-extracellular matrix 
interactions) and to affect mineralisation (it can bind to calcium and interact with type I collagen). 
Mice born without the gene necessary to produce it have bones with thicker cortices (0.304 vs. 0.279 
mm) and denser bone material (523.13 vs. 464.73 mg cm
-3
) than age matched controls.
30,31,32
 
Collagen is far more abundant than the NCPs and they are composed of many of the same amino 
acids. Conventional Raman spectroscopy does not have sufficient sensitivity to measure trace 
quantities (For example, it has a sensitivity of ~0.1%, at best, when used in pharmaceutical 
applications, and those applications are not even limited by the problems of identical amino acid 
composition
33
). Hence, the molecular vibrations of the NCPs are not easy to discern using the 
technique. However, there have been Raman studies of bone material from mice lacking certain NCP 
genes, they will be discussed in the next chapter. 
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1.2 Bone at Higher Levels of Organisation 
Bone Microstructure 
The mineralised collagen fibrils which constitute the basic unit of bone can be arranged in many 
different ways to create bony materials which differ at the micro-scale and are better suited to 
particular functions. The study of bone at the micro-scale is a large field and many types of 
microstructure have been reported.
34,35
 In broad terms, the microstructure of standard limb bone 
material can be classified into a few types. And which of these microstructures is found in a particular 
at a particular anatomical point is constrained by time. In circumstances where bone needs to be 
created very quickly such as in very young animals or at fracture calluses, the bone cells can lay down 
collagen fibres without regard to its structural order.
36
 This woven bone (thus named because of 
unordered appearance of the fibres) is inefficient, being highly mineralised yet having relatively poor 
mechanical properties.  
At the other extreme is lamellar bone in which the mineralised collagen fibrils line up in one direction 
to form an ordered sheet (2-6 μm thick) of bone. As alternate sheets, called lamellae, are laid down 
their fibril axes are tilted so the material takes on a plywood-like arrangement.
37
 Lamellar bone can be 
found in large cylinders running circumferentially around the long axes of bones, in smaller 
concentric cylinders running around blood vessels (primary or secondary osteons), or layered in small 
depressions (1 mm long and 50 μm thick)38 surrounded by older bone.I Lamellar bone takes longer to 
form than woven bone but has superior mechanical properties. 
Bone in which the fibres are aligned in one direction but not formed into neat lamellae (i.e. an 
intermediate form between woven and lamellar bone) is called parallel fibered bone.  
In many large animals, whose bones have to grow in diameter rather quickly, a micro-structural 
arrangement called fibrolamellar bone, which combines regions of woven bone and lamellar bone, can 
be found. In fibrolamellar bone, the woven bone scaffold grows quickly leaving large cavities near 
blood vessels, which are filled in by slower growing lamellar bone. In many species, including 
humans, this fibrolamellar bone is replaced with purely lamellar bone over time (this process is 
described below). 
 
 
                                                     
I
 The circumferential lamellar bone and primary osteons are primary bone, whilst bone packets and secondary 
osteons are secondary bone; these terms will be described in the Modelling and Remodelling section. 
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Macroscopic Structure 
At the next level of organisation, the macroscopic scale, the bone material can be seen to be arranged 
in one of two distinct architectural states; cortical bone and cancellous bone. Cortical bone is compact 
solid bone material such as that found in the shafts of long bones. Cancellous bone on the other hand 
is a network of struts and plates (called trabeculae) of bone material that is porous on the millimetre-
scale. The trabeculae can be few and sparse, can be densely packed system of highly interconnected 
plates, or can be somewhere on the continuum in-between. Cancellous bone is found throughout the 
body, usually beneath a thin layer of cortical bone, e.g. in the ends of long bones, and in the vertebrae. 
Cortical bone and cancellous bone contribute 80% and 20% of the skeletal mass respectively but as 
one would expect the cancellous bone contributes a large percentage (61%) of the bone surface area 
(excluding surfaces related to micro-porosities and canaliculi).
38
 
Modelling and Remodelling 
The larger scale structures made from cortical and cancellous bone, i.e. the whole bone organs, do not 
have fixed shapes but can be modelled and sculpted into new forms when they grow, or when they 
need to adapt to new loading patterns.
39
 The bone material itself does not grow or shrink; it is added to 
and removed from existing surfaces by specialised bone cells.
II
  
Even when the shape of the whole bone is static the bone material itself can be turning over 
(constantly being reformed), this process is called remodelling. The remodelling cycle is thought to 
begin when cells (osteocytes) living in small cavities (lacunae) in the bone material sense damage in 
their surrounding area (possibly with their extended cell processes which run through narrow tunnels 
called canaliculi), undergo apoptosis and release signalling molecules.
38
 These signalling molecules 
activate and summon large multi-nucleated cells called osteoclasts which arrive and burrow into the 
bone surface by releasing H
+
 ions and dissolving the bone material. Next, the resorption cavity is 
filled in with lamellar bone by teams of specialised bone building cells called osteoblasts.  
The remodelled units on the surfaces of trabeculae are called bone packets (1 mm long and 50 μm 
thick).
38
 In the case of cortical bone, where the osteoblasts and osteoclasts can reach internal bone 
surfaces via blood vessels, the remodelling can manifest itself as small concentric cylinders of 
lamellar running around blood vessels. These units of remodelled bone are called a Haversian system 
or secondary osteon. If a new Haversian system is formed by replacing an older Haversian system, the 
remnants of the older system are called interstitial lamellae. 
 
                                                     
II
 The cells which add bone are called Osteoblasts and the cells which remove it are called Osteoclasts. 
27 
 
Mechanical Behaviour of Bone Material 
When bone material is subjected to a force it deforms. As the force increases, the deformation 
increases, until it reaches the point where the material breaks. For some forces, the removal of the 
applied force will allow it to go back to its original shape (i.e. it will behave elastically) but for other, 
larger forces, the material will remain deformed even after the force has been removed; the transition 
point between the two types of behaviour is called the yield point.
40
 Figure 1.5 shows a diagram 
representing this behaviour; the force, or load, on the sample is plotted on the x-axis and deformation 
on the y-axis. 
 
Figure 1.5 Schematic representation of a load-deformation curve for bone material tested in 
tension. 
 
The „stress‟ and „strain‟ labels refer to concepts from material science (defined in Figure 1.6) which 
allow comparison between samples of different sizes and shapes. The area under the stress-strain 
curve can be integrated to give an energy; the area under the whole curve gives the amount of energy 
the sample can withstand before breaking (the toughness of the material) and the area under the curve, 
before the yield point, is the elastic energy (for obvious reasons). The Young‟s modulus of elasticity 
of a material is defined as stress/strain in the elastic (pre-yield) region of the curve.
III
 The stiffer a 
sample, the less it will deform when experiencing a force and larger the slope will be, thus the 
Young‟s modulus is a measure of stiffness. The ultimate strength of the bone material is the stress it 
undergoes at the point of fracture. 
                                                     
III
 Therefore the units of Young‟s modulus are Nm-2 or Pa. 
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Figure 1.6 Formulae for Stress and Strain, thus, the units of stress are N/m2 and strain is unit-less. 
 
1.3 Bone Imaging and Analysis 
From the constituent molecules all the way up to the macrostructure of whole bone organs, bone has 
been imaged and probed using many hundreds of analytical techniques. A full description of every 
instrument which has been used to study bone is beyond the scope of this thesis (and perhaps beyond 
the scope of any single book). Instead, a few important techniques will be described and techniques 
which can probe the chemical composition of bone, or its mechanical properties will be discussed. It 
will be stated whether the techniques are used to study whole bones, specific regions of individual 
bones or small samples of bone material. These techniques will be classified into four general (and 
sometimes overlapping) categories: radiographic techniques, other clinical in vivo techniques, ex vivo 
imaging techniques and spectroscopic techniques. 
Radiographic Techniques 
X-ray radiation is the name given to electromagnetic (EM) radiation with wavelength in the range of 
0.1-10 nm. When a quantum of x-ray radiation (a photon) is incident on a material the chance of it 
being absorbed (the absorption coefficient) depends on the material‟s composition (especially its 
density, molecular/electronic structure). X-ray photons easily pass thorough soft bodily tissues but are 
stopped by the mineral phase of bone material, they have long been used to make in vivo images of 
bone. The simplest x-ray technique is projection radiography in which an x-ray source is placed at 
one side of the limb/bone and a detector is placed at the other. As the x-rays are absorbed by the 
different tissues, an image (analogous to a shadow) is created at the detection equipment. The bone 
mineral shows up most clearly because it is much denser than the surrounding tissue and absorbs 
more of the incident x-rays. Though this method of imaging bone is widely used to image whole 
bones, it does have a major limitation in that it produces 2-D images of 3-D objects and hence objects 
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which are spatially offset from each other in reality, become superimposed on the image. This limits 
the usefulness of projection radiographs and means interpreting the images is a specialised skill. 
This limitation is overcome with x-ray computed tomography (CT).
41
 Early C.T. scanners had an 
x-ray source (an x-ray tube) which was aligned so as to be incident on the part of the body to be 
imaged e.g. the chest, and a detector was used to measure the x-ray signal (the attenuation) at the 
other side of the chest. The source and detector was then moved along the axis parallel to the original 
measurement and another reading was taken. This was repeated until data from a full „slice‟ of the 
chest was collected. The source and detector were then rotated through a small angle (i.e. the 
imaginary line connecting the source and detector is rotated) and the same slice is imaged from a 
slightly offset angle. This was repeated until the equipment had rotated through 180°. This process 
resulted in a large number of cross-sectional attenuation paths which cross at all angles and the 
mathematical manipulation of the data set (using integral transforms) enabled a model to be created of 
the slice. In such a model the chest becomes a grid of 3-D boxes (called voxels), each with uniform 
density. A colour scaled plot of these voxels gives a 2-D cross-sectional image of the chest i.e. a 2-D 
image of a 2-D object.  
Modern C.T. scanners operate in slightly different manner; in order to speed up the measurement (and 
hence reduce problems associated with patient movement, patient breathing, patient heartbeat, etc), 
the x-ray source and the detector are constantly moving through a helical path around the patient and 
the lying patient is moving headfirst through the helix in the opposite direction. The data are taken as 
one long set meaning the stop-start drawback of earlier scanners is overcome. 
Peripheral Quantitative Computed Tomography (pQCT) instruments have workings that are very 
similar to those of the older style C.T. scanners described above but they have a smaller sample space 
between x-ray source and detector. They are designed to create images of thin cross-sections of the 
bones of the appendicular skeleton and can give quantitative values for the amount of bone mineral 
present. Using computer algorithms, the images can be divided into trabecular and cortical regions 
and by averaging the density across the different topographic regions the density of the trabecular or 
cortical bone (or both) can be obtained. 
Dual-Energy X-ray Absorptiometry (DXA) is another radiographic technique that is used by 
clinicians to assess the bones in vivo.
42
 Compared to computed tomography, the technique is relatively 
simple (the equipment is much simpler) and the dose of radiation is relatively small (~1 µSv for 
absorptiometry and ~30 µSv for computed tomography)
43
. In a DXA scan, an x-ray beam is sent 
through the bone to be examined and the attenuation is measured, a second x-ray beam with a 
different wavelength (different energy) is sent along the same path through the same bone and its 
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attenuation is also measured. Since x-ray attenuation-coefficient depends on atomic number and 
photon energy, the measurement of the transmission coefficient at two different energies enables the 
mass per unit projected area of bone and soft tissue to be inferred by solving a pair of simultaneous 
equations. 
DXA is the most widely used method to measure the density of bones. It is the gold standard test for 
the diagnosis of osteoporosis, has high resolution and good precision. It is however limited by its 
inherent planar nature, the density values it produces, called Bone Mineral Density (BMD) or areal 
Bone Mineral Density (aBMD) is a measure of the x-ray absorption along the path of travel of the 
x-ray; a thin slab of highly mineralised material would stop as many photons as a thicker slab of 
poorly mineralised material, but the two slabs could have very different mechanical properties. In 
addition to this, DXA measurements cannot be resolved into separate measurements for trabecular 
and cortical bone.
44
 DXA-measured aBMD accounts for 60–70% of the variation in whole bone 
strength.
45
 
Radiographic techniques are extremely useful and are very widely used, however, they do have some 
drawbacks and limitations, the main one being the x-rays themselves are inherently harmful. The 
relatively high energy photons can ionise the molecules they collide with and can create free-radical 
particles in the body which can damage DNA and/or destroy cells. This makes radiography more 
harmful to children or pregnant women. C.T. scans expose patients to higher doses of radiation than 
other radiographic techniques because each scan is made up of a large number of individual 
measurements and because during the course of each scan the x-rays are incident from all directions. 
This symmetric dose of radiation is more harmful than, for instance, a projection radiograph, because 
in projection radiographs some of the body is „shielded‟ by another part of the body (known as a 
radiation gradient). This radiation gradient is much reduced for a C.T. scan. These issues limit 
applicability and make certain radiographic techniques unsuitable for screening large numbers of 
healthy people. 
The other important limitation to note about radiographic techniques is that they practically blind to 
the organic phase of the bone material. Since the organic phase can account for up to 30% of the 
weight of the bone material (Figure 1.4) and is an integral part of the composite, it could explain some 
of the variation in whole bone strength that is not accounted for by DXA-measured aBMD.
45
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Alternative Clinical (in vivo) Techniques 
Ultrasound is the term given to acoustic vibrations with frequencies above the hearing threshold, 
(audible frequencies are of the range 20 Hz – 20 kHz). Ultrasound vibrations can be used as a medical 
tool, the sound wave sent through the body-part to be probed and the reflected or transmitted sound 
(echo) is collected and analysed. Quantitative ultrasound (QUS), which looks at the percentage of the 
signal that was transmitted (transmission coefficient) and at the time the vibration took to propagate 
(transmission delay) has been extensively used to study osteoporosis. Authors have reported moderate 
(but statistically significant) correlation coefficients with bone mineral density and numerous studies 
have shown that its ability to predict fracture is similar to DXA.
46
 Several authors have suggested that 
QUS may measure qualities of bone architecture rather than bone material density.
47
 In addition to 
osteoporosis, QUS has been used in studies of osteogenesis imperfecta and hyperparathyroidism (a 
glandular problem which affects the skeleton).
47
 Ultrasound has also been used to make images of the 
surfaces of bone though no images of the internal structure of a bone can be obtained as the 
components of the sound wave which penetrates the bone and reflects from trabeculae cannot be 
collected efficiently and resolved into an image. Ultrasound techniques, like the radiographic 
techniques discussed above, primarily probe the mineral phase of the bone material and are not 
chemically specific. 
Another non-radiographic technique which is used to image bones and other internal organs is 
magnetic resonance imaging (MRI).
48,49
 MRI uses the distinctive magnetic properties of protons in 
different environments to distinguish between differing tissues. To create an MRI image, the patient 
(or a part of the patient) is placed in a strong magnetic field (produced by sending a large electrical 
current through a supercooled coil). The field exerts a force on the charged particles and magnetic 
dipoles within it. Atomic nuclei which have nuclear spin (such as hydrogen, phosphorus, sodium, and 
fluorine) become aligned parallel or anti-parallel to the field. Since hydrogen is a constituent of water 
and is thus found in every kind of tissue, it is the most commonly studied (its nucleus is a single 
proton with spin ½). 
When the atomic nuclei are aligned parallel (or anti-parallel) to the field, they precess about their spin 
axis (analogous to a child‟s spinning top precessing in the earth‟s gravitational field). These 
precessing protons are then given a predetermined amount of energy with an incident pulse of radio-
wave electromagnetic radiation (radio-wavelength radiation is resonant with the precession). The time 
it takes the agitated nucleus (or proton for hydrogen) to return to its original position depends on its 
electric shielding and its local magnetic field (i.e. on the atoms and molecules surrounding it) and thus 
differs for each kind of tissue. By sending radio wave pulses of specific energies, pulse lengths and 
wavelength, the contrast between the different tissues can be maximised. 
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The varying magnetic fields produced by the relaxing nuclei in the different tissues are recorded by 
measuring the electric currents they induce in coils of metallic wire called receiver coils. In order to 
spatially resolve the edges of bones, organs, etc, different fields with varying strengths are applied. 
These variations in the magnetic field and in the radio frequencies can be used to divide the body into 
the voxels from which the MRI images are made. MRI scanners can be used to probe different 
connective tissues, e.g. bone, tendon, ligament, cartilage etc, and the images they produce can give 
information about the structure, function and pathology of joints.
50
 Recently, smaller MRI scanners 
have been developed which have higher magnetic fields and produce more localised scans e.g. of a 
limb. The use of these smaller scanners (Magnetic Resonance Microscopy ( M.R.)) has enabled 
investigators to create in-vivo images of bone microarchitecture and discriminate individual 
trabeculae.
51
 From these images, it is possible to calculate various structural properties of a bone e.g. 
the mean trabecular spacing. 
The process of magnetically inducing precessions, using radio-waves to induce an agitation, and 
electromagnetically observing the relaxation of nuclei, can also be used for chemical analysis. If the 
precession and recovery characteristics of a certain nucleus in a certain biochemical are known, then 
one can look for it in vivo. M.R. spectroscopy has already been used to investigate tumours of the 
breast, prostate and cervix among others and the presence of certain chemicals which can help 
differentiate between malignant and benign growths has been confirmed.
52,53,54
 The technique has also 
been applied to tumours in bone; in one study the presence of a biochemical (choline) was determined 
and used to diagnose malignancy, its success at was notable (sensitivity: 95%, specificity: 82%, 
accuracy: 89%).
55
  
None of the variants of magnetic resonance analysis outlined here expose a patient to harmful ionizing 
radiation and hence may become useful for screening for bone disease. However, presently the M.R.I. 
scanning procedure is time-consuming (much slower to perform than a C.T. scan) and expensive (a 
single scanner can cost millions of pounds). There are some safety issues associated with the intense 
magnetic fields utilised in M.R.I., metallic objects can be subjected to strong forces and may become 
projectiles if they are brought to close to the scanner. This is especially dangerous to patients with 
implanted metallic or electronic devices, e.g. pacemakers.
56
   
Positron emission tomography (PET) is a medical imaging technique that can be used to create 3-D 
images of internal organs and tissues.
57
 In PET a bio-compound is labelled with radioactive markers, 
injected into the patient and its distribution around the body is measured as function of time. The 
radioactive markers (or radiopharmaceuticals) are manufactured in special nuclear reactors and decay 
relatively quickly (half-life in the region of ~20 minutes). The atoms employed are ones which decay 
via positron emission. Once the decaying atoms are inside the body and are emitting positrons, a 
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secondary sub atomic event begins to occur inside the body. The emitted positrons combine with 
electrons present in the surrounding tissues and are annihilated, this annihilation results in the creation 
of two high energy (short wavelength) gamma-ray photons.  
The two gamma-ray photons travel in opposite directions (conservation of momentum law) and when 
detectors arrays 180° apart detect two photons at the same time the event is recorded as a count. In 
practice the angle is allowed to deviate slightly from 180° to allow for some scattering events and 
there is a small time window that is considered the „same time‟ (of the order of nanoseconds). When 
the count is measured an imaginary line is recorded connecting the two detectors. An image is created 
by a computer out of millions of these lines. 
PET is a quantitative technique; the differing amounts of radiopharmaceuticals which accumulate in 
different parts of the body are measured as units of radioactivity per volume. The quantitative data 
complements other imaging techniques well (even those with better resolution such as CT or magnetic 
resonance imaging) and it plays an increasing role in the assessment of possible tumours and 
infections in bone.
58
 PET studies of bone formation and bone diseases have also been reported.
59
 
However, PET also has some severe limitations: it is a complex undertaking, requiring a concerted 
effort of chemists, radiopharmacists, physicists and physicians. Add to this the equipment and 
chemical costs and it is clear why PET scans are quite expensive.  PET scans are also time-consuming 
because not only can a scan can take several hours but it can take hours or days for 
radiopharmaceuticals to accumulate in the part of the body being studied. The availability of 
radiopharmaceuticals is a major problem, by necessity they decay relatively quickly and only last for 
a few hours (to limit the release of ionising radiation) so the scanner needs to be near a facility with 
expertise and capability to make the radioactive tracers and the scans need to be well planned. 
Ex Vivo Imaging Techniques 
Powerful analytical techniques have been used to probe every aspect of excised bone material and 
image it at each of its hierarchical scales of order. In the following chapters data related to and 
obtained from a number of different analytical techniques will be presented, some of those techniques 
are described here. 
Atomic force microscopy (AFM)
16
 is a technique in which the tip of a tiny probe needle (usually 
made of silicon) mounted on a springy arm (called a cantilever) interacts with the surface of the 
sample. Topographic features will mean the tip has to travel difference distances to measure the same 
force at the different points on the surface (the up and down movement of the tip is usually measured 
by reflecting a laser off the back of the cantilever and onto a quadrant photodiode). The data are then 
processed by a computer and turned into a visual image. The technique is not limited by the optical 
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diffraction limit (spatial resolution of ~1 nm have been reported)
60
 and AFM has been used to image 
hydroxyapatite crystals and the surfaces of mineralised/demineralised collagen fibrils. AFM has also 
been used to image bone at the micro-level with studies of resorption cavities and lamellae being 
reported.  
AFM instruments can also be used to measure the mechanical properties of samples, this technique in 
which the displacement is measured as a stiff AFM tip is driven into the sample at a defined loading 
(and unloading) rate is called nanoindentation. From the unloading portion of the curve, the elastic 
modulus and the hardness of the sample can be calculated. Many nanoindentation studies of bone 
have been reported. They include an investigation of the mechanical properties of bone material as it 
develops in growing rats,
61
 of the anisotropy/heterogeneity of bone material, of the effects of genetic 
mutations, and of low protein diet.
16
 The nanoindentation study of developing rat bone showed the 
tissue properties increased rapidly in the first several days of bone formation and thereafter increased 
only slightly through 70 days (0 – 4 day old bone material was less stiff (~5 GPa vs. ~30 GPa) and 
less hard (~0.3 GPa vs. ~1.5 GPa) than bone material that was 29–70 days old). Nanoindentation has 
also been used measure the reduced stiffness and hardness in diseased bone material and bone 
material from ovariectomy-induced osteoporotic rats
16
 and in bone material which has had mineral 
removed with acid.
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Another non-optical technique which has been used to image the constituents of bone material is 
Electron Microscopy (E.M.). An electron microscope uses a beam of electrons in place of photons to 
image the sample. Since the electrons in the beam have much shorter wavelengths than visible light, 
electron microscopes are capable of much higher resolution than optical microscopes (TEM - ~1 nm, 
spatial resolution similar to AFM, SEM – 1-10 nm, not as high as TEM)60,. The electrons can be 
passed through a thin section of sample and collected on the transmitted side (Transmission Electron 
Microscopy) or the signal they produce when they interact with the sample surface can be collected 
(Scanning Electron Microscopy). The electrons are usually emitted from a tungsten filament and the 
sample is usually housed in a vacuum chamber for imaging. For scanning electron microscopy the 
sample must be electrically conductive, for biological samples, such as bone, this means they are 
usually coated in a thin layer of metal before imaging. Both transmission
63
 and scanning
64
 electron 
microscopy have been used to analyse collagen fibrils, bone microstructure, hydroxyapatite crystal 
structure and bone cells.  
Scanning Electron Microscopes can be used to perform elemental analysis. The technique is called 
Energy-dispersive X-ray spectroscopy (EDX) and relies on the fact that when SEM probe-electrons 
collide with the sample atoms, an electron can be ejected from an inner shell. If an outer shell electron 
falls in to replace it, the lost energy can be emitted as an x-ray photon. Each element has a 
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characteristic electronic structure and thus a characteristic x-ray emission spectrum. EDX can be used 
to probe bone material, e.g. one study of functionally adapted bony materials showed that the bone 
mineral composition (as measured using Ca/P molar ratios) did not differ between samples with a 
wide range of densities.
65
 
Another class of laboratory techniques which have been used to study the structure of the 
hydroxyapatite crystals and collagen fibrils in bone are the small angle scattering (SAS) techniques; 
Small Angle X-ray Scattering (SAXS) and Small Angle Neutron Scattering (SANS). In SAS 
studies of bone material, the probe particles (be they x-ray photons or neutrons) are usually generated 
by a synchrotron/particle accelerator (or sometimes a nuclear reactor). They impact on the sample and 
the majority of them pass thorough to the detector without interaction. However, some of the probe 
particles elastically scatter from the bone and deviate slightly from their original path, the resultant 
diffraction patterns can be analysed mathematically. The data obtained from each technique are 
complimentary; for example, neutrons scatter from atomic nuclei and hence scatter strongly from 
materials with high hydrogen content (water, organic compounds) whilst x-ray photons scatter from 
electron clouds and hence scatter strongly from materials with relatively large electron densities 
(metals, mineral crystals).  
Much important information that is known about the nanostructure of bone material‟s mineral phase 
comes from SAXS; it has been used to study the thickness and orientation of the hydroxyapatite 
crystals in both bone and dentin, in diseased bone (osteogenesis imperfecta) and mineralising turkey 
leg tendon.
17,20,28,66
 Investigations of the bone-cartilage interface in joints and of bone archaeological 
science have also been reported.
67,68
 SANS has been used to study the organic (collagen) phase of the 
bone material; it has been used to measure the distance between the tropocollagen molecules in the 
collagen fibrils in cortical bone (distance along the radii and from end to end).
69
 It has also been used 
to look at the lateral spacing of collagen fibrils in healthy (cortical) bone and diseased (osteoporotic 
cancellous and osteoarthritic cancellous) bone.
70
 The collagen spacing in the osteoporotic bone was 
larger than normal and the spacing in osteoarthritic bone was smaller, though neither measurement 
was statistically powered. 
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Optical Spectroscopy Techniques 
Optical spectroscopy techniques use radiation from the infrared (IR) to the ultraviolet (UV) region of 
the EM spectrum to probe molecular energy levels. Every molecule has a total energy which can be 
split into four components; the electronic energy, related to the occupancy of the molecule‟s electron 
orbitals; the vibrational energy, related to the movement of the constituent of atoms relative to each 
other; the rotational energy, a measure of atomic movement about the molecule‟s internal axes and the 
translational energy, the kinetic energy of the molecule as it travels through space. 
ETotal =   EElectronic + EVibration + ERotation + ETranslation 
The first three components of the total energy, the „internal‟ components, are distinguishable from the 
translational energy in that they are quantised; they have discrete values and a minimum non-zero 
value which is called the ground state. The molecule‟s velocity through space does not have similar 
discrete values, and hence its translational energy is not quantised in the same way. 
The electronic, vibrational and rotational energies can usually be considered separately because they 
are not of the same magnitude;
IV
 the electronic energy is roughly three orders of magnitude greater 
than the vibrational energy which is in turn three orders of magnitude greater than the rotational 
energy.
71
 At room temperature and standard pressure, the majority of molecules are in their electronic 
and vibrational ground states.
V
 Figure 1.7 shows a schematic representation of the vibrational and 
electronic energy levels of a molecule, the rotational energy levels are omitted for clarity but if they 
were present they would be drawn as smaller graduations between each vibrational state. In real 
molecules, vibrations of different orders and involving different atoms have characteristics energies 
and the exact spacing between the energy levels is affected by the local chemical and molecular 
environment in which the vibration occurs. 
                                                     
IV
 Born-Oppenheimer approximation 
V
 The proportion of molecules in a given population which exist in the ground state can be calculated using the 
Boltzmann distribution [Nupper/Nlower = e
(-ΔE/kT)
]. If –ΔE (the energy difference between (for instance) the first 
two vibrational states of a molecule is 11.5 kJ mol
-1
 (a typical energy value), then Nupper/Nlower = ~0.01 at 300K, 
meaning the first excited state is about one percent of the ground state.
71
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Figure 1.7 Schematic representation of the vibrational and electronic energy levels of a molecule. 
The rotational energy level would be found in between the vibrational levels if they were shown. 
The arrow starting at the ground electronic/vibrational state shows the molecule being excited into 
an excited vibrational state by the absorption of an infrared photon. 
 
Infrared Absorption Spectroscopy 
Infrared absorption spectroscopy is a technique in which light with a range of wavelengths is sent 
through a sample and the transmitted light is analysed. Those photons with energies that match 
energy-level transitions absorb more strongly than those which do not and hence the transmitted light 
will show absorption bands at certain energies. Figure 1.7 shows a sample molecule absorbing a 
photon and being raised from the ground energy level; if a range of wavelengths (i.e. a range of 
energies) were incident on this molecule then an absorption band would exist at the wavelength 
corresponding to energy v2-v1.  The typical energies between vibrational levels of a molecule mean 
                                                     
 The frequency and wavelength of this photon are related to the energy difference between the vibrational states 
by the simple relations [E = v2-v1 = h ν = h c/λ] where energy difference (E) between the ground state (v1) and 
the final state level (v2), h is Planck's constant = 6.626068 × 10
-34
 m
2
 kg s
-1
 and ν is the frequency of the photon, 
λ is the wavelength of the light and c is the speed of light = 299,792,458 m s-1.   
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that these absorbed photons will usually be from the infrared (I.R.) part of the electromagnetic 
spectrum (i.e. between visible light and microwaves {λ = ~750 nm to λ = ~0.1 mm}). 
Infrared absorption spectroscopy has been extensively used to analyse bone material and many of the 
studies described in the Raman literature review section below (pg 52) have analogues in the I.R. 
literature (for example, studies of biocompatibility of implants, the composition of bone mineral, 
mineralisation, aged and diseased bone).
72
 Indeed, most of the spectral band assignments used in 
Raman spectroscopy came from the older field of infrared spectroscopy. If some spectral feature is 
measured with I.R. (or Raman) at many different points on a sample surface, images (maps of 
chemical composition) can be created. 
I.R. spectroscopy has some advantages over Raman spectroscopy; it generally offers better signal to 
noise ratio than Raman and fluorescence is much less of a problem (for reasons that will become clear 
after the discussion of Raman theory).
72,73
 However, there are also limitations that are not associated 
with Raman; there is significant interference from water and the technique requires that the sample be 
transparent to infrared (I.R.) light; for bone material this means the samples typically need to be cut 
into sections less than 10 μm thick and mounted on I.R. transparent slides. 
Other Optical Absorption Spectroscopy Techniques  
The infrared spectral region is bordered on the low wavelength side (boarder ~750 nm) by the visible 
region which itself borders (~390 nm) the ultraviolet (U.V.) region (this extends to the start of the x-
ray spectrum (~10 nm). A UV/Vis absorption spectroscopy experiment is conceptually similar to the 
infrared absorption technique described above but the radiation‟s higher energy means it is used to 
probe the electronic energy levels of molecules (Figure 1.8). Although UV/Vis absorption 
spectroscopy is not widely used to study bone material, it has been introduced here because it is 
related to fluorescence spectroscopy. Fluorescence is an important concept for Raman spectroscopists 
and will be described in detail in the next chapter.  
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Figure 1.8 shows a shows a molecule being excited into an excited electronic state by an ultraviolet 
absorption. 
 
The spectral region on the other side of the infrared (i.e. the longer wavelength, lower energy region 
that borders the microwave region) is called the Terahertz (THz) region (~0.1 mm - ~1 mm), beyond 
that is the microwave region. Obtaining suitable sources and sensitive detectors for THz radiation 
have historically been problematic and have limited its use as an analytical tool. THz spectrometers 
are currently being introduced to the market but very few reports of its use to analyse bone material 
have been published. Stringer et al. attempted to use THz to measure the mechanical properties of 
bone material but they had limited success.
74
 The energies associated with THz radiation are resonant 
with inter-molecular vibrations and thus it may prove useful for studying cross-linked collagen 
molecules and for studying the relationship between collagen and mineral, indeed a recent study 
concerning biological tissues stated “terahertz radiation is sensitive to covalently cross-linked 
proteins”.75 It is conceivable that THz radiation could become a useful for examining excised bone 
samples, however, THz radiation has a property that will limit its development as an in vivo 
technique; it is absorbed by water and hence will not easily pass through skin or other human tissues. 
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1.4 Conclusions from Chapter One 
This chapter has introduced some of the terms and concepts which will be used in the rest of the 
thesis. It has described the chemical composition of the organic scaffold (mostly collagen) and the 
hydroxyapatite crystals which surround it. Some of the techniques which have been used to image and 
analyse bone material in the past have also been described. From these discussions it is apparent that 
the most widely used (esp. radiographic) techniques for probing bones in vivo are blind to the organic 
phase of the bone composite and that those technique which are good at probing both phases are not 
readily employed in vivo. Since organic phase can account for up to 30% of the weight of the bone 
material (Figure 1.4), this is far from ideal. 
The organic phase does not just account for a large percentage of the mass the bone material but also 
contributes to its mechanical properties. It has already been stated that DXA-measured aBMD 
accounts for only 60–70% of the variation in whole bone strength,45 the importance of the organic 
phase to the mechanical properties can be further illustrated with experiments that utilise ionizing 
radiation. The ionizing radiation damages the organic phase much more than the mineral phase,
76,77,78
 
and has a severe effect on the fracture properties of bone material. In particular, it reduces the energy 
absorption, as measured by work to fracture.
78,79
  
The next chapter will describe the analytical technique which is the main focus of the present work 
and which can probe both organic and mineral phases of the bone material, Raman spectroscopy. 
Reports from the literature of its use in analysing bone material, and of its potential to be developed as 
an important in vivo technique
VI
 will also be reviewed. 
                                                     
VI
 It should be noted that an aBMD measurement combines contributions from two different types of 
information, the nature of the bone material (i.e. its density) and the quantity of bone material present. Raman 
measurements only contain information relating to the first, the nature of the bone material. 
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2. Raman Spectroscopy and its Use in the Analysis of Bone Material 
2.1 Raman Spectroscopy 
Origins 
The inelastic scattering of light from matter is named the Raman effect after the Indian scientist 
Chandrasekhara Venkata Raman who first observed it. Raman, along with his students at the Indian 
Association for the Cultivation of Science in Calcutta, studied the scattering of filtered sunlight from 
various liquids during the 1920s. The experiments culminated on the 28th February 1928 when they 
passed monochromatic light from a quartz mercury lamp through bulbs containing a series of liquid 
samples. Raman reported the results of this experiment to the South Indian Science Association on the 
16th March 1928 in a talk titled „A New Radiation‟,80 he stated “most liquids showed in the spectrum 
of the scattered light, a bright line in the blue-green region of the spectrum, whose position was 
practically the same for chemically similar liquids such as pentane, hexane and octane for instance. 
There was, however, a recognizable difference in the position of the modified line when other liquids 
such as benzene or water were used”.81,82 He was awarded the Nobel Prize in Physics for his 
discovery in 1930, he was so sure of winning that he had booked his travel four months before the 
prize was announced.
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Scattering 
The absorption processes discussed in the previous chapters are not the only possible result when light 
is incident on a molecule. The light can also scatter from the molecule, the scattering can be an elastic 
process (no energy is exchanged between the photon and the molecule, e.g. Rayleigh scattering) or an 
inelastic process (energy is exchanged between the photon and the molecule, e.g. Raman scattering). 
Figure 2.1 shows energy level diagrams of these scattering processes, they consist of two steps. First, 
the photon and the molecule combine to excite the molecule to a higher energy „virtual‟ state (this 
step is represented by the upwards part of the arrows).  This virtual state exists for a very short time 
(~10
-15
 s, the virtual states are represented as stationary points on the arrows) before the second step 
occurs; a new photon is released and the molecule is returned to a vibrational state. It is evident that 
the only differences between the three scattering diagrams (one Rayleigh and two Raman) in Figure 
2.1 are the vibrational energy level from which the molecule begins the scattering process and the 
level where it ends up after the process is complete. 
If the molecule ends up at the original energy after the scattering event, the released photon will have 
the same energy as the original one (Figure 2.1 - the arrow will be the same length) and the process is 
called Rayleigh scattering. If the molecule ends up at a different energy level, the photon released will 
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have a different energy (Figure 2.1 - the arrow will be a different length) and the process is Raman 
scattering. A Raman scattering event that creates a photon with less energy (longer wavelength) is 
called Stokes scattering and a Raman scattering event that creates a photon with more energy (shorter 
wavelength) is called anti-Stokes scattering.
84
 Changes of Δν  0  ±1, ±2… are possible (which is the 
same as infrared absorption spectroscopy) though the probability of Δν = ±2, ±3… decreases rapidly. 
In order for an anti-Stokes scattering to occur (change in photon energy Δν  +ve) the molecule must 
be in an excited energy state before the scattering event, it was already noted that unless the scattering 
material is very hot, most of the molecules will occupy the vibrational ground state; hence in normal 
conditions anti-Stokes scattering events will be much less numerous than Stokes scattering events.
VII
 
 
Figure 2.1 shows the elastic and inelastic scattering processes. The difference between scattering 
and absorption is evident, for scattering the energy of incident photon does not have to match the 
energy level difference (cf. absorption in Figure 1.7 on pg 37). 
 
                                                     
VII
 This, again, can be calculated with the the Boltzmann distribution [Nupper/Nlower = e
(-ΔE/kT)
]. That is, if –ΔE (the 
energy difference between (for instance) the first two vibrational states of a molecule is 11.5 kJmol
-1
 (a typical 
energy value), then Nupper/Nlower = ~0.01 at 300K, meaning the first excited state is about ~1% of the ground 
state.
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A scattering event from a molecule in its ground state can lead to Rayleigh scattering or to Stokes 
shifted Raman scattering but the probability of each event occurring is very different. Rayleigh 
scattering is 10
6
-10
8 
times more likely to occur; hence the number of inelastically scattered Raman 
photons is comparatively tiny and Raman signal is very weak.
85
 If a molecule has a centre of 
symmetry
VIII
 then Raman active vibrations are infrared inactive (and vice versa), this is called the 
mutual exclusion principle. If there is no centre of symmetry then some (but not necessarily all) 
vibrations may be both Raman and infrared active. 
The Intensity of the Scattered Radiation 
The energy level (Jablonski-type, Figure 2.1) diagrams above describe some the features of Raman 
scattering but they say little about the intensity of the scattered light and little about how the nature of 
the incident light affects the process. To address these issues, more formal mathematical descriptions 
are required; such descriptions can be formed in several ways. Classical mechanical models can be 
formed which treat radiation as an electromagnetic wave and the scattering material as an assembly of 
rotating/vibrating „balls and sticks‟. These classical models can be used to explain some aspects of 
Raman scattering, such as the frequency dependence of the scattered light, but they are silent on many 
others. The other extreme is to form a full description of all the relevant physics using a quantum 
electrodynamical approach, i.e. treat both the energy of the radiation and the energy of the scattering 
system as fully quantised (as they are in the diagrams above). This approach is difficult, results in 
unwieldy equations and is unnecessary for the purposes at hand. A third approach is to combine 
aspects of both the classical and the quantum electrodynamical approaches, specifically; to consider 
the radiation as a classical electromagnetic wave and the scatterer as a material system with quantised 
energy levels. This is the method presented here.
86
 
 
 
                                                     
VIII
 If a straight line can be projected from an atom A through another atom L and on again to identical atom A, 
and if the length of |AL| is identical to |LA| then L is a centre of symmetry of the molecule. 
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If electromagnetic radiation is incident on a scattering material which starts at a ground state G, passes 
through a virtual state r, and finishes at a final state F, then the intensity (I) of the scattered light: 
 
Equation 2-1: Intensity of scattered Raman radiation. 
 
where K is a constant, ν0 is the frequency of the incident radiation, νGF is extent of the frequency shift 
and I0 is the intensity of the radiation incident on the scatterer i.e. the number of photons per unit area 
per second. The subscripts σ and ρ each represent a Cartesian coordinate x, y or z (σ can be equal to 
ρ) meaning that after the summation operator there are nine versions of the transition polarisabilty 
tensor ασρ. These transition polarisabilty tensors have the form: 
 
Equation 2-2: Transition polarisabilty tensors. 
 
As before the ground state is G, the virtual state is r and the final state is F, and again there is a 
constant (1/h) before the summation operator. The description now diverges from the picture outlined 
in the discussion of the energy level diagrams above, there, it was implied that the virtual state was a 
definite state, with energy equal to the energy of the incident photon plus the energy of the initial 
vibrational state; this is now revealed as a simplification. In reality, many virtual states must be 
considered, one for each of the possible quantum mechanical states (vibrational or electronic) of the 
actual molecule.
IX
 The two descriptions can be best reconciled if the situation in the energy level 
diagram is considered to be the most probable occurrence, but it must be remembered that in a fuller 
quantum mechanical/mathematical treatment all the other possibilities must also be accounted for.  
                                                     
IX
The interaction is un-quantised but Heisenberg‟s uncertainty principle means that conservation laws are not 
broken, i.e. the virtual states are extremely short lived, ΔE Δt ≥ ħ.   
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The numerator and the denominator of the remaining terms will be considered separately. The 
denominators have one new term, Γr, which is a damping constant and takes into the account the finite 
lifetime of each molecular state. It is small compared with νrG, νrF or ν0. The numerators are written in 
Dirac notation and are so similar that only one needs to be elaborated. The term 
 
Equation 2-3: one term of a Transition polarisabilty tensor along the ρ-axis.  
 
gives the amplitude of the electric dipole transition moment where μρ is electric dipole moment 
operator operating on F along the ρ axis, the wave functions of the virtual state and the excited state 
are given by r and F respectively. 
From the consideration of these equations it becomes clear that the factors which are important in 
determining the intensity of the Raman radiation from a material with vibrational ground state G and 
excited state F are the intensity of the incident radiation, the wavelength of the scattered radiation 
(to the power of four), and the properties of the molecular vibration in question. These properties 
include the geometry of the molecule (which will determine which of the nine „Cartesian‟ terms are 
important) and the values of the electric dipole moment for each quantum mechanical state. 
Generalizations on Raman Intensities 
The mathematical description shows that Raman scatter is determined by the properties of the incident 
light and the transition polarisabilty tensor. In order to use the equations to determine how intense the 
scattering would be from a particular chemical bond one would need to include many terms, the 
transition polarisabilty tensor includes terms related to all the possible quantum mechanical states of 
the molecule and hence it is not feasible to do full mathematical investigations of every scattering 
system in the laboratory. The mathematics however can be summed up by the statement, “any 
molecular vibrations which affect the ability of a molecule to become polarized by an electromagnetic 
wave will be a (relatively) strong Raman scatterer”. This leads to some generalisations which prove to 
be useful in practice:  
 Stretching vibrations should scatter more than deformation vibrations 
 Multiple bonds i.e. double bonds and triple bonds should scatter more than single bonds, e.g. 
C=C scatters more than C-C 
 Raman scatter is more intense when molecules are symmetric and have many conjugated 
electrons e.g. cyclic compounds are intense scatterers but molecules with a strongly 
electronegative atom are not 
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Polarisation Effects 
A beam of electromagnetic radiation consists of electric and magnetic fields oscillating at right angles 
to each other and at right angles to the direction of propagation. For the scattering processes which are 
concerned with the electrons orbiting a molecule, it is the electric field component of the radiation 
which is most important. If we imagine the electromagnetic wave to be travelling towards us (with 
axis of propagation labelled z), the electric component of the light will be oscillating along a line on 
the x-y plane and the line will be randomly changing its orientation about the z-axis. We can imagine 
a case where the electric field component is fixed on the x-y plane (i.e. its orientation about the z-axis 
is fixed) this is called linearly polarised light. 
When linearly polarised light is incident on a molecule, it interacts with the molecule‟s various 
chemical bonds in a distinct way; interactions with bonds that lie in the same plane as the electric field 
will be stronger than those which lie perpendicular to the electric field of the incident light. If the light 
is incident on the same molecule but the polarisation angle is different, the bonds will experience 
different electric fields. Hence, scattering is affected by the orientation of a molecule‟s bonds with 
respect to the electric field component of the incident radiation. 
This dependence of Raman band intensity on the polarisation of the incident light provides 
spectroscopists with the ability to check band assignments. If unpolarized light (whose electric 
component is randomly changing its orientation about the direction of propagation, the z-axis) is 
incident on a molecule (e.g. a methane molecule), the scattered light may have some degree of 
polarisation (Equation 2-4). The degree of polarisation (the depolarisation ratio) of a Raman band is a 
measure of the symmetry of a vibration. Symmetric vibrations have the lowest depolarisation ratios. 
For example, in the case of methane, the totally symmetric vibration gives rise to a completely 
polarized Raman line whereas the non-symmetric vibrations give depolarized lines. 
 
Equation 2-4 When scattered light is passed through a piece of polaroid (or other analyser), its 
intensity will have a maximum (I⊥) for some polaroid angle (X°) and a minimum (I∥) at some angle 
(X+90°). This is called the depolarisation ratio. 
 
This description of polarisation and the depolarisation ratio is rooted in the classical description of 
light as a plane wave and unlike the theory section above there is no mention of photons. A quantum 
mechanical description of Raman scattering which included the intensity terms above (such as the 
transition polarisabilty tensor) and also included polarisation effects would be very challenging to 
formulate and would be beyond the scope of this thesis. It is however possible to bridge the 
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conceptual gap between the discussions if it is recalled that electromagnetic waves comprise a large 
number of photons, and if the phenomenon of circularly polarised light is considered. In the case of 
circularly polarised light, the electric component, instead of travelling along a line, travels around a 
circular path on the x-y plane (about the z-axis). The electric component can rotate clockwise or 
anti-clockwise (as the light comes towards us) and this corresponds to left-circularly and 
right-circularly polarized light respectively. 
This circularly polarised light is closely related to the spin angular momentum quantum number of 
individual photons: each photon carries spin angular momentum which has two possible values (+1 
and -1) and does not depend on its frequency. The spin angular momentum has three orthogonal 
components and the component measured along the axis of propagation is called the helicity. The two 
possible values of the helicity correspond to left-circularly polarized and right-circularly polarized 
light. 
Raman Instrument 
In light of these discussions of Raman scattering theory, it is helpful to now consider the workings of 
a Raman instrument. The principles behind its operation will be outlined here; more technical 
descriptions of the apparatus will follow in the methodology sections below (pg 69). 
A Raman instrument consists of three main components: 
1. A light source. The availability of bright monochromatic light sources was one of the factors 
preventing the widespread adoption of Raman spectroscopy for many decades. However, 
since the latter half of the twentieth century, the filtered sunlight and gas-discharge lamps of 
the early days of Raman spectroscopy have been superseded by the development of cheap 
efficient laser light sources. Modern lasers (Acronym - Light Amplification by Stimulated 
Emission of Radiation) can emit light at a single wavelength from the ultraviolet (UV) to the 
near infrared (NIR) and beyond, can deliver high intensities and can maintain their 
performance for many thousands of hours. 
2. A wavelength discriminator. A Raman instrument must have a component for separating the 
Raman signal from the light that has been elastically scattered from the sample; the much 
weaker Raman signal would otherwise be obscured. The instrument must also be able to 
separate the different wavelength Raman photons in order to record a spectrum. Originally, 
sets of filters and later monochromators were used for both tasks. Modern instruments use 
holographic notch filters, made by imprinting inference patterns in optical media with laser 
beams, to remove the elastically scattered laser light. These filters are very efficient and their 
recent development has aided the widespread use of Raman spectroscopy. In modern 
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instruments the Raman signal is separated into its constituent wavelengths using dispersive 
techniques (diffraction gratings) or interferometry techniques (interferometer & computer 
running a Fourier transform program). 
3. A detector. In the original experiments C.V. Raman detected the photons with his eyes and 
the first Raman spectra were recorded spectra using photographic plates. The later application 
of photomultiplier tubes to Raman spectroscopy meant that weaker signals could be measured 
and better spectra obtained. As with the first two components of the Raman instrument (i.e. 
the light source – laser, and wavelength discriminator - notch filter) advances in technology 
mean modern detectors are faster and easier to use. The current detector of choice for widely 
used dispersive systems is the charge coupled device or CCD camera. A CCD camera consists 
of a semiconductor chip which builds up electrical charge when electrons are incident on it; 
the charge is then read off by electrodes and recorded on a computer. The chip can have 
millions of electrodes on it and are designed so as to be most sensitive in the optical region of 
interest. 
The Appearance of a Raman Spectrum 
In a Raman spectrum the energy of the scattered photons is recorded along the x-axis and the intensity 
of the Raman signal is recorded on the y-axis, an example is shown in Figure 2.2. The energy of the 
axis is represented as a wavelength shift from the laser wavelength, rather than in absolute 
wavelengths; this enables the comparison of spectra recorded with different instruments and with 
lasers of different wavelength. The units are inverse centimetres (cm
-1
), they enable comparison 
between spectra recorded with different excitation wavelengths. The spectrum in Figure 2.2 shows the 
Stokes shifted side of the laser line, the anti-Stokes spectrum is be found on the opposite side of the 
vertical axis and is much less intense (as discussed above – pg 42). Some spectroscopists prefer to 
keep the Stokes shifted spectrum on the left (negative) side of the vertical axis as it shows that those 
photons have lost energy. The spectra in this thesis will follow the former convention and will 
resemble the spectrum in Figure 2.2. 
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Figure 2.2 An example of a (Stokes shifted) Raman spectrum of bone material from the midshaft of 
an ovine femur. The top x-axis shows the spectrum in nm and the bottom in standard Raman 
spectroscopy units (Wavenumbers). 
 
The intensity of the light in Figure 2.2 is measured in detector counts; this has to do with the charge 
coupled device (CCD) chip in the detector and will be explained later in the description of the 
experimental apparatus (3.1 Raman Instrument Section – pg 69). Since Rayleigh scattering is so much 
more intense than Raman scattering there is often a massive detector-saturating peak at the 
wavelength of the laser (wavelength shift = 0 cm
-1
). Typically, the filter is used to remove this 
elastically scattered (Rayleigh) light also removes some of the Raman signal in that region of the 
electromagnetic spectrum and consequently the „start‟ of the spectrum may be missing (e.g. the 
Raman spectrum Figure 2.2 starts at 400 cm
-1
). The Raman spectrum in the example stops at 
~1850 cm
-1
 because the sensitivity of the detector decreases after this point, again this is a determined 
in this instance by the CCD chip and will be explained below (pg 69). 
The Raman theory to this point can be summarised as “an energy exchange occurs between a photon 
and a molecule, the energy lost (or gained) by the photon causes a change in the vibrational state of 
the molecule”. It has been explained that Raman spectra comprise a number of Raman bands (and that 
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each band is an envelope containing a number of peaks). The physical relevance of the Raman spectra 
can be summarised as “each band has a frequency, and thus signifies an energy at which a vibrational 
transition (or a lattice vibration) takes place in the scattering molecule”. In the stokes shifted Raman 
spectrum in Figure 2.2 the dominant band is the symmetric ν1 phosphate stretch at ~960 cm
-1
, this 
means that laser photons with energy X inelastically scattered from the sample, during the scattering 
process the photons lost an amount of energy corresponding to 960 cm
-1
 and were collected by the 
instrumentation. The other bands correspond to different molecular vibrations; their shape, position 
and intensity are different for each scattering molecule and hence Raman gives a unique chemical 
fingerprint. 
Advantages & Disadvantages of Raman Spectroscopy 
Advantages 
 As water is a weak Raman scatterer, it does not interfere strongly with the recording of 
Raman spectra. This distinguishes Raman spectroscopy from some other spectroscopic 
techniques (e.g. infrared absorption spectroscopy or THz spectroscopy) and makes it 
amenable to many biological applications, including the spectroscopy of bone 
 Since laser beams are fairly easy to manoeuvre onto the sample, the technique is easy to apply 
to a wide range of experimental setups. This makes it a very useful analysing a whole range 
of samples, be they solids, liquids or vapours in hot or cold states 
 Lasers can be focused to very small points and hence photons can be scattered from well 
defined areas or from small volumes of sample. Theoretically, the spatial resolution is only 
constrained by the diffraction properties of the light (typical limit of 0.5 – 1 μm)X 
 As mentioned above, the fact that the light from typical Raman laser wavelength is in the 
visible to infrared region (i.e. non-ionising) means that it is inherently safer for some 
applications than x-ray techniques 
                                                     
X
 Abbe diffraction limit: diameter of smallest spot, d = λ / (2 x N.A.), e.g. (830 nm / 2 x 0.08) = 5.19 x 10-6 m = 
~5 μm. (Numerical aperture, N.A., is a measure of the light-gathering power of the system and is defined as 
N.A. = n x Sin ( ), where n is the refractive index of the surrounding medium (~1 for air) and  is the 
acceptance angle (the half-angle of the acceptance cone of the system, e.g. of an optical fibre). N.A. can vary 
between 0 and 1, the figure used in the example is for a collimated beam filling a full lens with diameter 2.5 cm 
and focal length 300 mm. 
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 Unlike many other analytical techniques, there is often no requirement for sample preparation 
with Raman 
 The technique is non-destructive and once care is taken to avoid burning the sample with the 
laser, even valuable samples can be analysed 
 Specialised Raman techniques can be used non-invasively to depths of several millimetres 
with biological tissues (e.g. Spatially Offset Raman Spectroscopy or Transmission Raman 
Spectroscopy) and can be highly chemical selective (e.g. Resonance Raman) 
Disadvantages 
 It was stated in the theory section above (Scattering – pg 41) that the for every 106-108 
photons scattered form a sample only one is likely to be scattered inelastically and hence 
Raman signals are very weak. The inherent weakness of the Raman Effect means that 
conventional Raman spectroscopy cannot be used to measure trace quantities and that can be 
overwhelmed by other sources of light 
 Related to the weakness of the effect is the fact that it cannot be used on samples which 
exhibit strong fluorescence in the spectral region. Fluorescence will be described in more 
detail below (pg 62); essentially it is the excitation of the target molecule into one of the 
upper electronic states accompanied by a subsequent emission of a photon. When the photon 
and the molecule‟s electronic gap have matching energies this interaction is much more 
favourable than Raman scattering and the resultant fluorescent emission drowns out the 
Raman signal. Its effects can be reduced by using probe photons with energies as far below 
the electronic excitation energy gap as possible 
 Raman is unsuitable for pure metallic samples and not readily deployable with highly 
absorbing samples 
 If care is not taken the laser can change the sample while it is being probed. If the intensity of 
the laser light at the sample is too high or if the laser energy is coincident with an absorption 
band then it can increase the temperature of the sample to undesirable levels. This can lead to 
sample degradation. If the energy of the probe photons is too high (i.e. the wavelength is too 
short) it may affect the chemistry of the sample 
52 
 
2.2 Use of Raman Spectroscopy to Study Bone 
Raman spectroscopy of bone is a relatively young field; “the feasibility of obtaining Raman spectra 
from intact calcified tissue” was first demonstrated by Walton et al. in 1970.87 Some sporadic reports 
of closely related subjects followed (bone proteins,
88
 natural and synthetic hydroxyapatites,
89,90 
bone 
implant interfaces
91
) but it was not until the mid-1990s that the field began to burgeon. As the interest 
in the Raman spectroscopy of bone has grown, it has been reviewed a number of times (the most 
recent review being published in 2010).
73,92,93,94,95,96 
This section will not reiterate all the findings of 
those reviews, but will give an overview of the field. 
Figure 2.3 shows the spectrum of ox tibia which was reported by Walton et al. in 1970 along with a 
spectrum of equine metacarpal bone from our laboratory.
87
 The axes of the metacarpal spectrum have 
been set so as to aid comparison between the two, the full height of the phosphate band at 960 cm
-1
 
can be seen in Figure 2.2 (pg 49). The interpretation of the data relies on knowing which molecular 
vibration in the bone is associated with each band in the spectrum and as was stated above much of 
this information comes from the older field of infrared absorption spectroscopy.
72 
Roughly speaking, 
the bands below 1150 cm
-1
 are associated with the mineral phase of the bone material and those above 
are associated with the organic phase. The features at ~445 cm
-1
, ~590 cm
-1
 and ~960 cm
-1
 are the 
symmetric bending (ν2), asymmetric bending (ν4) and symmetric stretch (ν1) vibrations of the 
phosphate (PO4
3-
) group. The peak at ~1070 cm
-1
 is the carbonate (CO3
2-
) symmetric stretch and in the 
lower part of that band is the asymmetric stretching mode (ν3) of the phosphate.
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The mineral phase of bone has been repeatedly and thoroughly studied with Raman spectroscopy 
since the mid 1990s. Many studies have focused on the comparison between the Raman spectra of 
natural and synthetic hydroxyapatites [References include: 98,99,100,101,102] and on analysing 
materials which could be used by surgeons for filling bone defects.
103,104,105
 There has also been 
intense interest in the nature of the hydroxyapatite crystals themselves; Raman spectroscopy has been 
used along with other techniques to resolve the extent of substitutions at the hydroxyl group site in 
bone
106,107
 and to study the maturation of the crystals.
108,109,110
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Figure 2.3 (a) First Raman spectrum of bone (Ox tibia) reported by Walton et al. in 1970.87 The tops 
of the bands are missing where the detector has been saturated. *Laser, λ = 488 nm] 5(b) A spectrum 
of ovine femur bone from our laboratory. The bands have been plotted so as to aid comparison. 
Apart from the removal of the fluorescence background in the bottom spectrum (described below – 
pg 77), the main difference is in the proline/hydroxyproline region near 865 cm-1. 
 
What sets Raman spectroscopy apart from x-ray techniques however, is its ability to also probe the 
organic phase of the bone. It was discussed above how DXA-measured aBMD accounts for only 
60-70% of the variation in whole bone strength
45
 and how selectively damaging the organic phase of 
bone
76,77,78
 has a severe deleterious effects on the fracture properties of bone material
78,79
 so this 
capability is of obvious importance for understanding the mechanical properties of bone material. 
Raman can also be used to probe the bone material at different points on a whole bone and may offer 
insights into the interaction between the mineral and collagen phases. 
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Most of the molecular-vibrational Raman band assignments for collagen also come from the more 
established field of infrared spectroscopy; the small band with peaks at ~855 cm
-1
 and ~875 cm
-1
 are 
associated with the Proline and hydroxyproline residues on the collagen polypeptide chains (C-C and 
C-N ring stretches). The band between ~1230 cm
-1
 and ~1280 cm
-1 
is the amide III band; it involves 
the stretching of C-N along the backbone of the polypeptide chain, stretching of C-N at right angles to 
the backbone, and also some N-H in-plane bending. The band at ~1450 cm
-1
 is the CH2 „wagging‟ 
mode (two H atoms vibrating out of the plane in unison). The amide I band centred at 1670 cm
-1
 is 
assigned to the C=O stretches in collagen molecules. 
Raman Studies of Bone Material 
Mineralisation and Development of Bone Material 
Raman spectroscopy has been used to study the mineralisation and development of bone material for a 
number of years. A 1995 study of pathological growths in the ear used Raman spectroscopy to study 
the demineralisation and remineralisation of synthetic bone material that had been implanted in rats.
111
 
The hypothesis was that the mechanism of bone destruction associated with cholesteatoma (a type of 
skin cyst) was demineralisation; this was confirmed using Raman spectroscopy by measuring the 
narrowing of the PO4
3-
 symmetric stretch (ν1, ~960 cm
-1
). In vitro studies using Raman techniques 
combined with other techniques have looked at the mineralisation of collagen obtained from fish 
bone, and at bone material produced by (rat) bone cells; in the latter case the network of mineralised 
fibres produced after 14 days had a chemical composition (as measured with Raman) that were similar 
to that of mature rat femur bone.
112,113
  
The complicated self-assembly of collagen and hydroxyapatite into the hierarchical materials has been 
studied with combinations of light and electron microscopy, synchrotron x-ray diffuse scattering and 
Raman spectroscopy; these types of studies have begun to produce insights into the protein-control of 
biomineralisation,
114
 and to the elucidation of a collagen self-assembly model mechanism (silica nano-
tubes which self-organize into highly ordered centimetre-sized fibres).
115
 The former study looked at 
the mineralisation of collagen type I scaffolds and used changes in the width of the PO4
3-
 symmetric 
stretch (ν1, ~960 cm
-1
) to show that the transformation of amorphous calcium phosphate into 
crystalline hydroxyapaitite was controlled by DMP1 (Dentin matrix protein 1 - a non-collagenous 
protein present in the mineral phase of bone and dentin). 
A prominent series of experiments used Raman to look at the ontogenetic development (from the 
embryonic stage to six months after birth) of bone material and cells in murine skulls. The 
experiments showed a variety of apatite mineral environments are present in the material during its 
development (by looking at the changes in the phosphate ν1 region ~960 cm
-1
).
116,117
 The same murine 
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model was then used to study force-induced fusion of the bones of the skull at a premature state of 
development and it was found that the mineral to collagen ratio was decreased in the prematurely 
fused skulls (i.e. those fused by the experimenters) compared with controls.
118
  
The mechanical properties of the collagen fibres at different levels of demineralisation,
119
 and the 
chemical etching (demineralisation) process itself have also been studied with Raman spectroscopy.
120
 
The individual collagen fibres (obtained from teeth) were found to decrease in modulus from 1.5 GPa 
to 50 MPa (as measured by AFM-nanoindentation) with the removal of mineral (by acid etching). The 
demineralisation study contained a calibration curve based on the Raman spectra of known powder 
mixtures of hydroxyapatite and collagen constructed by looking at the hydroxyapatite Raman band at 
960 cm
-1
 and the collagen Raman band at 2937 cm
-1
. The detection limit for hydroxyapatite and 
collagen were found to be 2.8 % and 0.6 % weight respectively. The collagen figure may not be 
relevant to many of the other studies described here because although the high wavenumber bands 
(e.g. 2937 cm
-1
) are very intense, they lack chemical specificity (they are due to C-H stretches) and 
hence are not often measured. 
 
Effect of Age and Exercise on Bone Material 
The age-related compositional changes of bone material are of great importance in trying to 
understand fragility fractures in the elderly. Raman spectroscopy is well placed to study subtle 
chemical changes in bone material; information that complements the well documented density and 
architectural changes which have been measured with x-ray techniques. A 2001 study showed that the 
crystallinity of the hydroxyapatite phase i.e. the degree of order and size of the crystals (measured 
using the width of the ν1 phosphate band) and brittleness of the bone material increased with age in 
mouse femora.
121
 The same paper also reported spectral and mechanical property changes associated 
with the incorporation of fluoride into the mineral crystals; the crystallinity increased more than normal 
but the brittleness decreased (The ν1 phosphate band also shifted from 961 cm
-1
 to 964 cm
-1
, possibly 
due to exchange of F
−
 and OH
−
 in the lattice).
121
 Another Raman study which looked at the changes in 
the mechanical properties of bone material that accompany age found increased crystallinity (width of 
ν1 phosphate band), increased type-B carbonate substitution (carbonate symmetric stretch 
{~1070 cm
-1
} to ν1 phosphate ratio) and increased mineral to collagen ratio (ν1 phosphate to amide I 
band ratio) in bone material from the femora of aged rats.
122
 It is now known from infrared absorption 
studies of age-related changes that crystallinity and crystal maturity are two different traits of the 
hydroxyapatite crystals (the former being related to a crystal‟s degree of order and its size, and the 
latter its thickness).
123
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Age-related changes of the organic phase of bone material have also been investigated using Raman 
spectroscopy, it has been found (using deep-ultraviolet Raman spectroscopy - excitation laser 244 nm) 
that the amide I band increases in intensity (relative to the other organic bands) with donor age. The 
spectral changes were also correlated with decreased fracture toughness, it has been hypothesized that 
the data reflected changes in collagen cross-linking.
124
 The same deep-ultraviolet Raman technique 
has been used to study the increasing fragility of human teeth with age.
125
 The results were similar to 
the bone studies, the amide I band increased in intensity (relative to the other organic bands) with 
donor age. 
When trying to understand fragility fractures it is also necessary to consider the aging process of 
whole bones (rather than just the aging of smaller volumes of bone material); in one study, of cortical 
bone from the femora of healthy male donors (aged 17-73), investigators used Raman spectroscopy to 
look at (1) primary lamellar bone material (that can survive turnover for decades), (2) secondary 
osteons (product of remodelling) that represent relatively younger bone material, and (3) 
homogenized bone material (i.e. milled into small particles).
126
 It was found that (1) the mineralisation 
of the primary lamellar bone material (amide I/phosphate ν1) increased for the first three decades of 
life and then plateaued, (2) that the secondary osteons had an increased mineralisation (decreased 
amide I/phosphate ν1, borderline statistical significance of p = 0.07), and (3) the mineralisation 
(amide I/phosphate ν1) did not change with age. These interesting results indicate that Raman 
spectroscopy is useful for investigating localised mineralisation differences.   
On average, older people do less exercise than younger people, thus it is important to investigate the 
effect exercise has on bone material if one is interested in fractures in the elderly. Recently, the effects 
of exercise on the size, composition, mechanical properties and damage resistance of bones from mice 
of various ages, background strains and genetic make-up were assessed.
127
 Raman spectroscopy was 
used to show that exercise caused compositional changes in the tibial bone material; The 
mineralisation (ν1 phosphate band to the proline/hydroxyproline band at ~855 cm
-1
/~875 cm
-1
) was 
significantly increased in exercised bones relative to controls. The carbonate/phosphate ratio 
(reduced) and the profile of the amide I band (hypothesized to be due to differing crosslinking) also 
showed significant differences. A recent study of the humeri and femora of rats that had been given 
spinal cord injuries showed that severe bone loss and compositional changes (longitudinally 
decreasing mineralisation as measured by the ratio of ν1 phosphate/CH2 wag) accompanied 
paralysis.
128
 That study saw no change in the carbonate/phosphate ratio. 
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Influence of Mechanical Loading on Bone Material 
Since it is fairly easy to manoeuvre a laser beam onto a sample, experiments can be performed in 
which the bone material is subjected to a force and probed at the same time, or subjected to the force 
and then probed at the point where the force was applied. These experiments, which were reviewed 
recently,
129
 are interesting because certain Raman bands in a material can shift when a material is 
under stress (termed the „piezo-spectroscopic effect‟). 
An early example of this type of study was the recording of a Raman spectrum of a sample of pure 
calcium hydroxyapatite (and a sample of calcium fluoroapatite) through a diamond-anvil cell whilst it 
was under high external pressure. The phosphate ν1 in the hydroxyapatite spectrum shifted frequency 
linearly (from ~962 cm
-1
 to ~967 cm
-1
) when pressure was applied until ~2 GPa when a (reversible) 
jump (to ~970 cm
-1
) was seen in the shift. The jump suggested a structural change in the crystal at this 
pressure and was not seen in fluoroapatite.
130
  
The response of the chemical structure of bone to large mechanical stresses has also been studied with 
Raman spectroscopy. In one study,
131
 pressure was seen to induce large shifts in the positions of 
collagen bands; the CH2 bands shifted towards higher wavenumbers (CH2 stretch shifted from 
~2935 cm
-1
 to ~2970 cm
-1
 and the CH2 wag shifted from ~1460 cm
-1
 to ~1490 cm
-1
) whilst the amide I 
band shifted towards lower wavenumbers (from ~1655 cm
-1
 to ~1645 cm
-1
). The CH2 shifts were 
reversible but the amide I shifts were not. The phosphate and carbonate Raman bands broadened 
under pressure and they also shifted position, though the shift was smaller than those associated with 
the collagen phase (from ~960 cm
-1
 to ~977 cm
-1
 and from ~1070 cm
-1
 to ~1082 cm
-1
 for phosphate 
and carbonate respectively). All the mineral band shifts were reversible. It has been suggested 
irreversible shifts in the amide I band are associated with changes in protein secondary structures, e.g. 
cross-linking and helix pitch. The reversibility of the mineral Raman bands has been taken as 
evidence that it is very hard for water to move out of the crystal lattice. 
Carden et al. permanently deformed bovine cortical bone specimens using a cylindrical indenter and 
measured the spectrum in and around the indent, the application of forces to bone material manifested 
itself in the Raman spectrum with spectra from the edge of the indents showing changed in the band 
profiles. The intensity of the low-frequency edge of the amide III band increased and so did the high-
frequency part of the amide I band. It was stated that the spectral changes were indicative of rupturing 
of the collagen crosslinks.
132
 The response of bone to elastic deformation in the physiological range 
has also been probed, the centre of gravity of phosphate bands have been seen to shift on tensional 
loading (from ~963 cm
-1
 to ~962 cm
-1
) indicating that bone mineral may not be “a passive contributor 
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to tissue strength. The mineral active response to loading may function as a local energy storage and 
dissipation mechanism, thus helping to protect tissue from catastrophic damage.”133 
These findings were related to those from another study which looked at the influence of mechanical 
loading on the Raman spectrum using „double-notch‟ specimens; pieces of bone with two identical 
U-shaped notches cut into them.
134
 These specimens were subjected to four-point bending and they 
broke at the base of one of the notches leaving areas of undamaged (far from the notches), strained 
(unbroken notch) and failed bone (broken notch). Raman spectra were used to make stress maps (by 
measuring the shift of the phosphate ν1 band at different points) in the undamaged, failed and strained 
areas. The undamaged regions all showed stress of less than 0.01 MPa. 
For two of the three specimens the corners of the unbroken notches had stresses between 80 and 
165 MPa, and broken notches had regions near the cracks with stresses of between 135 and 235 MPa. 
However, a third specimen had different stress patterns in both the unbroken and broken notches, with 
regions of higher than average stress occurring across the top of the notch, but the maximums being 
lower than before in both the strained and failed regions (26 MPa and 43 MPa respectively). The third 
specimen came from an older horse (6 yrs compared with 4 yrs and 2 yrs respectively) and had a 
lower breaking force (54.9 N as opposed to 63.8 N and 66.5 N). It was hypothesized that the third 
sample had a different failure mechanism and a poorer performance because the horse was passed the 
age of peak bone mineral content, this hypothesis was supported by the fact that its average mineral to 
collagen ratio (phosphate ν1 to proline band) was 11.8 ± 1.6 compared with 13.9 ± 1.1 and 13.8 ±1.1 
for specimens one and two). 
Effect of High Energy Radiation on Bone Material 
Raman spectroscopy studies which look at the effect of ionizing radiation (x-rays and gamma rays) on 
bone material have shown that the organic phase suffers much more damage than the mineral phase. 
For example, one study
77
 which irradiated sections of adult bovine femur showed that doses of gamma 
radiation greater than 100 kGy cause “great changes in the organic part of the bone” (measured as 
CH2 band wavenumber shifts) whereas for even larger doses (of up to 1 MGy) no changes are 
observed in the mineral phase (no phosphate ν1 wavenumber shifts). A different gamma irradiation 
study
135
 also found changes in the Raman bands positions of mineral component of bone to be much 
smaller than those observed for the organic component. It was also reported that irradiation did not 
affect the CO3
2-
/PO4
3-
 ratio or the crystallinity (phosphate ν1 width). This study reported that doses 
higher than 100kGy affected the majority of bands assigned to organic component of bone (including 
the amide I band, which became narrower and shifted towards higher wavenumbers). 
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It was mentioned above (the end of Chapter One - pg 40) that the damage caused to the organic phase 
by ionizing radiation has a severe effect on the fracture properties of bone material. A recent study
78
 
which used Raman spectroscopy to investigate this phenomenon, evaluated the strength, ductility and 
fracture resistance (both work-of-fracture and resistance-curve fracture toughness) of human cortical 
femur bone following their exposure to x-ray synchrotron-source radiation (0.05 - 630 kGy). The 
mechanical properties of the material were severely altered (e.g. an irradiation of 210 kGy changed 
the bending stiffness, ultimate bending strength and work to fracture from 1.37 to 1.20 GPa, 166.9 to 
65.4 MPa and 16.7 to 2.22 kJm
-2
 respectively). Deep UV (244 nm) Raman spectroscopy revealed 
large changes in the relative height of the amide I band compared to the CH2 wag band, it was 
hypothesised that this was due to increased collagen cross-linking induced by the radiation damage. It 
was also noted that at the largest radiation dose (630 kGy), the spectral features were broadened to an 
extent such that individual peaks were hard to discern, it was hypothesised that this was due to the 
breaking of peptide bonds in the collagen backbone. 
The biological effects of ionising radiation on bone material have also been studied using Raman 
spectroscopy, one such study
76
 looked at osteoradionecrotic bone; a serious complication that results 
from the cells and vascular canals in an area of bone being destroyed and can arise in patients who 
have undergone radiation therapy for oral cancer. In the osteoradionecrotic bone, the organic phase 
had been damaged by the treatment radiation but the damage had not healed because the cells that 
would normally carry out the repairs have also been destroyed. 
Raman Studies Looking at the Roles of Non-Collagenous Proteins in Bone 
It was stated above (Chapter One – pg 24) that the Raman spectra of non-collagenous proteins are 
difficult to distinguish in bone material as they are present in relatively small amounts and have 
similar constituent chemical groups. However, (as it was also pointed out) studies have been reported 
which look at the effect that the loss of certain Non-Collagenous Proteins (NCPs) have on bone 
material, these studies normally use mutant mice who are missing a gene needed to express a certain 
NCP and comparing their bone with wild-type controls. One such study from 2006 looked at the NCP 
„osteopontin‟ and the role it plays in the mineralisation process of the skull.136 The mineral/collagen 
Raman band ratio was used to measure mineralisation and biochemical methods were used to measure 
osteopontin expression. It was found that osteopontin is present even at the earliest stages of mineral 
deposition. Another osteopontin study, looked at young (< 12 week old) knock-out mice and found 
that the hardness and elastic modulus of their bone material (as tested with nano-indentation 
techniques) were much lower and that the mineral content was lower (as measured with Raman) than 
the wild-type controls.
137
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A similar study has been reported using mice without the ability to express the NCP „fibrillin 2‟.138 In 
this study nano-indentation was used to measure mechanical properties of the bone material and it was 
found that the femora of the mutant mice had lower hardness and lower elastic modulus than the wild-
type controls but interestingly, the Raman analysis showed little difference between the mice (except 
for a decreased carbonate band in the endosteal region of the knock-out bones). Since the chemical 
constituents of bone were reported to be present in their correct proportions fibrillin 2 must play some 
other role in determining the mechanical properties of bone material (e.g. it may be needed to control 
the arrangement of collagen fibrils).  
The combination of nano-indentation with Raman spectroscopy has also been used to analyse bone 
material from osteocalcin knock-out and wild-type controls. Osteocalcin is an NCP which is believed 
to play a role in bone formation and resorption. Type-B carbonate substitution decreased significantly 
in the absence of osteocalcin and it appeared that this affected the hardness more than the elasticity. It 
was suggested by the authors that osteocalcin plays a role in the growth of apatite crystals in bone by 
increasing the degree of carbonate substitutions.
139
 
Raman Studies of Bone Microstructure 
Raman spectroscopy has a theoretical spatial resolution of ~1 μm (with 700-1000 nm excitation 
wavelengths)
XI
 and gives one the potential to preferentially probe collagen fibrils which are aligned in 
specific directions (using polarized light), these factors have proven to be very useful for investigating 
the microstructure of bone. Studies of woven bone and lamellar bone have revealed new information 
about the subtleties of mineral composition and collagen fibril arrangement. For woven bone for 
instance; Raman analysis of skulls from very young mice revealed that the earliest mineral detected 
was a carbonated hydroxyapatite and that some other phosphate environments were also present at 
lower levels,
140
 and Raman analysis of induced rat fracture-calluses revealed that woven bone density 
increased by 80% from 7 to 14 days and that the density increase was accompanied by a 30% increase 
in the mineral to collagen ratio (as measured with ν1 phosphate/2940 cm
-1
 ratio).
141
 
The microstructure and spatial differences in local mineral and protein composition across individual 
osteons and in interstitial bone have been the subject of much inquiry.
142
 Interesting findings include; 
the discovery of an amorphous-type calcium phosphate, which has been theorised as a precursor to 
hydroxyapatite, in older interstitial bone material, rather than in the recently remodelled bone near the 
osteon centre.
143
 The observation of both phosphate (PO4
3-
) and mono-hydrogen phosphate (HPO4
2-
) 
species in newly formed trabecular bone.
144
 And, the observation that phosphate to carbonate ratio 
increases towards the edge of the osteons (i.e. as the age of the bone material increases).
145
 Raman 
                                                     
XI
 From the Abbe diffraction limit, described above (pg 50). 
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spectroscopy, in combination with acoustic microscopy and nano-indentation, has also been used by 
investigators interested in assessing the composition and mechanical properties of individual osteonal 
lamellae. They used the phosphate ν1 and the amide I band to measure the spatial distributions of the 
mineral and collagen phase and combined this information with the acoustic microscopy images.
146
 
This study was one of the earlier attempts to use Raman spectroscopy to investigate the orientation of 
collagen fibril and mineral crystals at the level of lamellae; it did not produce evidence in support of 
the idea that osteons contain an alternating pattern of highly mineralised lamellae and less mineralised 
lamellae.
147
  
Raman imaging which utilised the polarisation dependence of Raman scattering has been used to 
examine the distribution of mineral and collagen around osteons. Linearly polarised light will excite 
different molecular vibrations depending on the angle between the polarisation angle and the long axis 
of the collagen molecule (or the long axis of the crystal). Collagen molecules and mineral crystals are 
aligned with their long axes parallel, so the phosphate ν1 band (a vibration parallel to mineral crystal 
long axis) and the amide I band (a C=O vibration perpendicular to the collagen fibril) are particularly 
sensitive to the orientation and the polarization angle of the incident light. Other bands such as amide 
III (with components parallel and perpendicular to the collagen axis), phosphate ν2 and phosphate ν4 
are less susceptible to the orientation effects.
148,149
 Studies which probed perpendicular faces of 3-D 
sections cut from human femora and turkey leg tendon have confirmed that phosphate ν1 to amide I 
ratio is best for looking at the orientation of the lamellae whilst phosphate ν2 to amide III, and, 
phosphate ν2 to carbonate are best for bone material composition.
150,
 These composition versus 
orientation methods were also used to look at anatomically identical regions of femur in mice of 
different ages; the results indicated that there is an evolution of both orientation and chemical 
composition as a function of tissue age within the same specimen. The ratios of carbonate to 
phosphate signal increased as the age of the mouse increased.
151
 These results illustrate that both 
information about composition (e.g. mineral to collagen ratio) and information about the organisation 
of the constituents (e.g. fibril orientation information) can be gleaned from single Raman spectra. 
Recently, polarisation studies of mineral and protein orientation across individual osteons have 
continued to provide evidence for the „twisted plywood‟ model of osteon micro-organisation152 and 
have looked at the profile changes in the amide III band effects caused by sample orientation.
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Polarisation dependant Raman scattering has also been used to measure the alignment of the collagen 
fibrils with the bone diaphysis and of the hydroxyapatite crystals with the long bone diaphysis for 
both mutant mouse bone specimens (specifically oim/oim, osteogenesis imperfecta model mice), and 
wild type controls.
154
 This was accomplished by comparing the intensity of the amide I band (vibrates 
perpendicular the long axis of collagen chains) with the intensity the phosphate ν1 band (vibrates 
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along the long axis of hydroxyapatite crystals) for parallel polarised light and perpendicular polarised 
light. Using the spectral information it was calculated that the hydroxyapatite crystals are not as well 
aligned in oim/oim bones (28±3°) compared to wild-type bones (22±3°). This result was statistically 
significant and was in agreement with earlier small-angle x-ray scattering results. 
Raman Spectroscopy to Probe Bone through Skin and Soft Tissue 
The Raman studies surveyed so far have all been concerned with excised bone material that had laser 
light shone directly onto its surface. In 2005, an interesting set of experiments were reported in which 
investigators implanted titanium bone chambers equipped with a fused-silica optical window in the 
skulls of rabbits.
155
 The Raman spectra from both the mineral (e.g. the phosphate ν1 and carbonate 
bands) and organic (e.g. the amide I and amide III bands) phases of bone material were retrieved. The 
behaviour of synthetic calcium phosphate biomaterials were also observed in vivo over a period of 8 
months (they remained in situ after that period). Although the implanted windows were well tolerated, 
the expansion of this technique is not feasible (especially for human subjects).  
More recently techniques have been developed which allow deep, non-invasive Raman spectroscopy 
of bone through skin and overlying tissue, these techniques have allowed new experiments to be 
designed and may even be developed as diagnostic instruments. The new techniques have been 
recently reviewed, the finding of those reviews are outlined below.
156,157
 
Kerr Gate 
The excitation of a molecule from its ground state into an excited electronic level was discussed in the 
previous chapter (Figure 1.8). If a molecule that is in an excited electronic state relaxes back down to 
the electronic ground state and releases the energy as a photon, the process is called fluorescence; it is 
illustrated in Figure 2.4.  If the energy gap between the electronic states is similar to the energy of the 
incident photons then the absorption of the photon is very probable (due to the fact that the upper 
electronic states are real, in contrast to the excited states in scattering which are virtual
XII
). In skin, 
muscle and other soft tissues there are more large biological molecules (with smaller electronic 
energy gaps) than there are in bone, these tissues fluoresce strongly.
XIII
 The fluorescent photons, along 
with surface Raman signal, often saturate the detection equipment and drown out the Raman signal 
making transcutaneous analysis very difficult. 
                                                     
XII
 If the excited state in a Raman scattering process coincides with a real electronic state an enhanced Raman 
effect called Resonance Raman can occur. 
XIII
 Examples are haemoglobin and melanin, it is probable that there are many others. 
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Figure 2.4 The energy level diagrams of Rayleigh and Raman scattering which were described 
above (pg 42) are plotted here with a diagram of fluorescent emission. Fluorescence occurs when 
the relaxation of a molecule to one of its lower electronic states is accompanied by the emission of 
a photon. 
 
The emitted fluorescence photons themselves can be collected and used as a spectroscopic signal, 
however, unlike the case with Raman, a fluorescence spectrum will have wide overlapping bands and 
thus they have much lower chemical specificity. The property which accounts for the differing 
chemical specificity between Raman and fluorescence is the timescale associated which each process. 
As was stated above (Scattering – pg 41), the lifetime of the excited (virtual) in a scattering event is 
very short (~10
-15
 s), however, the excited state in the fluorescence process is a real vibronic state and 
thus its lifetime is much longer (in the order of nanoseconds, ~10
-9
 s). The Raman scattering event 
occurs so quickly that the photons capture „snapshots‟ of the target molecule whereas the longer 
timescales associated with the fluorescence process allow time for the excited electronic state to 
change energy due to thermal collisions with surrounding molecules, i.e. to move vertically up and 
down in energy level diagram. Thus, since the gap between the excited and ground state varies during 
fluorescence the energy of the emitted photons varies; the emitted photons have a range of 
wavelengths and the spectrum has broad overlapping bands. 
The temporal difference between the Raman and fluorescence processes has been exploited using 
Kerr-gate technology to produce fluorescence free Raman spectra.
158
 The first set of experiments used 
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ultraviolet lasers (400 nm) which, as was discussed in the theoretical section, have a higher scattering 
efficiency than the near infrared lasers (785 nm and 830 nm) conventionally used; the use of these 
shorter wavelength lasers is often limited due to fluorescence. The experimental set-up is shown in 
Figure 2.5.
 
The Raman signal and the florescence signal (which is spread over much longer time), 
pass through a polariser and a Kerr-gate before encountering a second crossed polariser.
XIV
 In the 
normal case, the Kerr-gate allows the signal through without interference and none of it passes 
through the second polariser further along the optical path. However, if intense laser light is incident 
on the Kerr medium as the Raman signal passes through it, then the Raman signal can be induced to 
change polarisation and some of it will make its way through the second polariser. The system can be 
optimised by using appropriately timed short pulsed lasers (e.g. 1 ps). 
 
Figure 2.5 Schematic diagram of the experimental set-up used to remove the 'lagging' fluorescence 
signal. Adapted from Ref. 158. 
 
The Kerr-gate technology was first used to retrieve fluorescence background-suppressed Raman 
spectra from excised bone material using 400 nm laser.
159,160
 It was then developed to enable the 
retrieval of Raman spectra of bone through ~1 mm of skin and tissue, and the discrimination between 
healthy and pathological bone material.
161,162
 The development involved removing the Raman signal 
of the outer skin and tissue, as well as the trailing fluorescence (Figure 2.6).
163
 This process relied on 
different gating pulses being incident on the Kerr medium; it could be accomplished because as 
photons propagate through a turbid (scattering) media, they take random paths and diffuse away from 
                                                     
XIV
 A Kerr gate is a substance whose optical properties (nonlinear refractive index, n2) vary depending on the 
electromagnetic radiation incident on it. The induced changes decay naturally with a lifetime of 2-3 ps. 
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the point they entered the sample. Thus, it takes a photon longer to travel deep into the sample (into 
the bone material in this case) and back out (and on towards the Kerr-gate) than to scatter from near 
the surface. 
 
Figure 2.6 Experimental set-up for deep Raman spectroscopy (Gating pulse was 800 nm, 500 μJ, 
1 ps & Kerr gate was a 2 mm cell of CS2). The experiment works because the photons take time to 
diffuse from sample 2 (green sample) back out to the surface. Adapted from Ref. 156. 
 
The discrimination between normal and defective bone material through skin and tissue using Raman 
spectroscopy was a major advance, but the inherent instrument complexity limited its applicability. 
Building on this work, Matousek and co-workers developed Spatially Offset Raman Spectroscopy 
which also utilises the diffuse scattering properties of photons in turbid media but because it is much 
simpler conceptually and technologically has the potential to be used more widely.
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Spatially Offset Raman Spectroscopy 
Spatially Offset Raman Spectroscopy (SORS) relies on the fact that in certain media photons scatter 
in random directions, laser photons that enter through the surface will increasingly diffuse in lateral 
directions the further they travel through the medium. This means that photons returning from deep in 
the turbid medium will be more likely to emerge far from their entry point than photons which made 
only a short journey to the surface from more shallow regions. SORS of a two layer system is 
illustrated in Figure 2.7, unlike conventional backscattering geometry the illumination point where the 
laser is focused on the sample is offset some distance Δs from the collection point. The diagram 
shows the laser photons (blue arrows pointing down) diffusing laterally on the way down (blue lines) 
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and it shows the signal photons travelling back up (thinner blue arrows). The result of this is the light 
collected at some distance (s > 0) will contain some photons from the bottom-layer and some photons 
from the top layer, the photons collected s = 0 will be mostly from the top layer (with some small 
component from the bottom layer). A scaled subtraction of the s = 0 measurement form the s > 0 
measurement will result in the Raman spectrum from the bottom layer (no a priori information from 
the top or bottom layer is required). 
 
Figure 2.7 Conceptual diagram of SORS. Suppose that the injected laser light diffuses the same 
way in medium 1 (green) and medium 2 (red). The photons collected at larger offsets (Δs – large) 
will have spent a larger proportion of their time in medium two (red) than those collected at 
smaller offsets (Δs = 0), and hence will be more likely to have Raman-scattered from it. Adapted 
from Ref. 163. 
 
Shortly after the development of SORS, it was demonstrated that Raman spectra of bone material 
could be retrieved through skin and other overlying tissues using animal specimens and living human 
subjects (depths of up to 4 mm).
165,166,167 
Since then experiments looking at murine bone in vivo have 
been reported,
168
 as have experimental refinements for the optics, the data analysis and the preparatory 
protocols.
169,170,171,172 
These preparatory protocols include the application of glycerol as an optical 
clearing agent to reduce turbidity (i.e. reduce optical scattering) in the skin.
173
 
Transcutaneous Raman spectroscopy of bone material has also been combined with x-ray computed 
tomography
174
 and been used to develop Raman tomographic imaging.
175
 This imaging technique 
gives spatial and chemical information, studies of tissue phantoms and animal bones have been 
reported.
176
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2.3 Conclusions from Chapter Two 
In this chapter the theory of Raman spectroscopy and its advantages and disadvantages were 
introduced. The general principles which underlie a Raman instrument and the appearance of Raman 
spectra were explained. Novel Raman techniques (Kerr-gate and SORS) which are being developed to 
enable the safe, non-invasive retrieval of Raman spectra of bone material through skin and other 
overlying tissues in vivo were also described; these techniques may become important for diagnosing 
bone diseases or measuring mechanical properties. The longest section of the chapter detailed 
previous studies which utilised Raman spectroscopy as a tool for analysing bone material. Many of 
those studies are relevant to the central question of this thesis: Are the mechanical properties of bone 
material adapted in differently loaded regions by a subtle tuning of the collagen chemistry which 
controls the mineral to collagen ratio? 
It was discussed how exercise, as well as well as altering the size and mechanical properties of bone 
material, alters its mineral to collagen Raman ratio (ν1 phosphate/proline + hydroxyproline, 
~855 cm
-1
 + ~875 cm
-1
)
127
 and how paralysis (caused by spinal cord injury) affected the mineralisation 
longitudinally (the ratio of ν1 phosphate/CH2 wag decreased).
128 
It was also discussed how age altered 
both the mechanical properties, and mineral/collagen ratio of rat bone (increased ν1 phosphate/amide I 
band ratio)
122
 and horse bone.
134
 In the case of the horse bone, a study of three „double-notch‟ 
specimens was reported in which the sample form the oldest horse had a lower average mineral to 
collagen ratio (phosphate ν1 to proline band), lower breaking force, lower maximum stresses and 
different stress patterns after failure. The relationship between the Raman bands and bone material 
adaptation is explored further in Chapter Four. 
In another of the studies that was discussed, the investigators attempted to understand the aging 
process of whole human femora (rather than aging of smaller volumes of bone material); it was found 
that the mineralisation (ν1 phosphate/amide I) of the primary lamellar bone material (old material that 
survives turnover) increased for the first three decades of life and then plateaued, and it was found 
that that the average mineralisation of homogenized bone material (i.e. milled into small particles) did 
not change with age.
126
 Chapter Five of this thesis also looks at the mineralisation of the bone material 
at different points in long bone cortices but the investigation is concerned with mechanical property 
adaptation at regions which experience different mechanical loads. 
Other important findings outlined concerned the effect non-collagenous (or their absence) had on 
bone material and the interaction of collagen with the mineral crystals. In studies of osteopontin, the 
Raman mineral/collagen ratio was used to measure mineralisation. Results from those studies 
included the confirmation that osteopontin is present even at the earliest stages of mineral deposition 
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and that young (< 12 week old) osteopontin knock-out mice had less stiff bone and lower mineral 
content than the wild-type controls.
 136,177
 Raman spectroscopy was used in a study of fibrillin 2, 
where again it was shown that knock-out mice had less stiff bone, however, the Raman analysis 
showed little difference between knock-outs and wild types.
138
 A Raman study of osteocalcin showed 
carbonate substitution decreased significantly in the absence of osteocalcin.
139
 A combination of 
analytical techniques (including Raman) were used to show that the transformation of amorphous 
calcium phosphate into crystalline hydroxyapatite was controlled by an NCP called DMP1.
114
 
Among the studies of collagen itself were the deep-ultraviolet Raman studies of age-related changes 
in bone and teeth.
124,125 
They showed that the amide I band increased in intensity (relative to the other 
organic bands) with donor age and that this ratio changes was accompanied by decreasing mechanical 
properties. The results were hypothesized to reflect changes in collagen cross-linking. The study
127
 
(already mentioned in this summary) found that exercise, as well as well as altering the size and 
mechanical properties of bone material and its mineral to collagen Raman ratio, also alters the profile 
of the amide I band (again, it was hypothesized to be due to differing crosslinking). In Chapter Six, 
the amide I band will be looked at in more detail and it will be investigated if it can shed light on the 
tuning of the mineral to collagen ratio in bone, and thus on the tuning of mechanical properties.  
Before the chapter investigating the adaptation of mechanical properties, regional mineralisation 
differences and collagen chemistry are presented, the Raman instrument used to record the data for 
will be described. The next chapter will give a detailed description of the instrument and of some 
experimental methodologies. A newly developed technique which can be used to enhance Raman 
signal from turbid media will also be presented. 
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3. Description of Apparatus, Methods and Technical Developments 
3.1 Raman Instrument 
Figure 3.1 shows the instrument used to record the spectra presented in this thesis. The light source, 
shown in the blue „window‟ is a laser diode (i.e. a laser with a semiconductor lasing medium) made 
by Process Instruments (model PI-ECL-830-300-FS), which operates in continuous wave mode (as 
opposed to pulsed laser mode) and emits light at 830 nm (in the near infrared region of the 
electromagnetic spectrum). Its maximum output power is 300 mW but the amount of light reaching 
the sample varies depending on the optical path and the alignment of the set-up. 
 
Figure 3.1 The fibre leads to the spectrograph which can be seen in the top right hand corner of the 
picture (grey box). The laser is behind the black shielding and can be seen the blue 'window'. 
 
The path of the laser beam is illustrated with a red line; it is directed through two dielectric bandpass 
filters which „clean‟ the laser line (i.e. remove wavelengths other than 830 nm) and is directed on 
towards the sample using mirrors (broadband dielectric mirrors) and a lens (Plano-Convex Lens, 
f = 250.0 mm). A fraction of the light that is scattered from the sample is collected by a lens (50 mm 
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diameter and a focal length of 60 mm) and collimated before reaching the holographic notch filter.
 XV
 
The dielectric notch filter (50.8 mm diameter, manufactured by Kaiser Optical Systems) is the 
wavelength discriminating device which removes the Rayleigh scattered light. The dielectric notch 
filter comprises a substrate with a sinusoidal refractive-index variation etched through it. This 
refractive-index pattern (usually etched with laser beams) is designed so that for the selected 
wavelength (e.g. 830 nm) the light waves which reflect from the different layers are in phase and 
interfere with each other constructively. The remaining scattered light, the Raman signal, is now 
imaged by a second lens (identical to the first - 50 mm diameter and a focal length of 60 mm) onto the 
front face of the fibre collection probe. 
 
Figure 3.2 Schematic diagram of the experimental apparatus shown in Figure 3.1. 
 
This fibre probe consists of twenty-two active optical fibres arranged in a disk, each with numerical 
aperture of 0.37 (acceptance angle ~35°). Each fibre is made of silica with a core diameter of 220 μm, 
a doped silica cladding diameter of 240 μm, and a polyimide coating diameter of 265 μm 
                                                     
XV
 The laser and Raman photons scatter from the sample in all directions (though there is a bias towards 
propagation near the normal). The percentage of scattered photons collected by the collimating lens thus 
depends on its radius and its focal length. 
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(manufactured by CeramOptec Industries, Inc). The fiber bundle length is ~2 m and at its output end 
the fibres are arranged in a line. This line is orientated vertically and placed in the input image plane 
of the spectrograph. The spectrograph (a Holospec 1.8i NIR manufactured by Kaiser Optical 
Technologies) contains a series of lenses (Figure 3.3); the first of which collimates the light before it 
is passed through another internal (Kaiser Optical Systems) notch filter, it is then focused though a slit 
and collimated again before passing through a diffraction grating which spatially separates the Raman 
photons of different wavelengths before they are imaged onto the CCD camera detector 
(manufactured by Andor Technology, model DU420A-BR-DD) by a final lens. 
 
Figure 3.3 The image on the left shows the fibre carrying the Raman signal into the spectrograph. 
The image on the right shows the spectrograph with its lid removed (described in text). 
 
As discussed in the theory sections above (pg 47), a CCD camera contains a semiconductor chip (in 
this case it is made from silicon) divided in many pixels (1024 wide × 256 high), each of which builds 
up an electrical charge when struck by photons. This charge is then read off and recorded on a 
computer. The chip is thermoelectrically cooled to 193 K to reduce the thermal noise. The variation in 
the apparatus‟ sensitivity across the spectral range (i.e. the filter blocking out light at low 
wavenumbers and or the CCD sensitivity decaying towards the tail of the silicon sensitivity) is not 
corrected for. 
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3.2 Methodology 
Validation of Apparatus 
Before the Raman instrument could be considered appropriate for assessment of bone material, a 
number of validation experiments had to be performed.  
 X-Axis Calibration (Accuracy) 
The x-axis of a Raman spectrum, which measures the magnitude of the wavelength shift, should be 
comparable between any two instruments. The Raman bands of some chemicals are very accurately 
known and can be used as a standard with which to calibrate an instrument. The standard used in our 
laboratory is trans-stilbene (C14H12) which is a very strong Raman scatterer. 
 
Figure 3.4 Molecular structure of trans-stilbene, the chemical used to calibrate the x-axis. 
 
The spectrum of trans-stilbene used to calibrate the system is shown in Figure 3.5, the spectrum took 
30 seconds to accumulate (30 x 1 s exposures) and the detector settings were such that the chip (with 
its 1024 columns and 256 rows) was read as one string of 1024 values (i.e. the 256 rows were 
summed to give one set of x-values). A well defined spectrum of trans-stilbene was obtained from a 
Raman atlas of organic compounds.
178
 The frequencies of the four dominant bands used to calibrate 
the detector are shown in Figure 3.5, the final calibrated spectrum is shown in Figure 3.6. 
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Figure 3.5 Spectrum of trans-stilbene used to calibrate the x-axis. 
 
 
Figure 3.6 Calibrated spectrum of trans-stilbene. 
 
Y-Axis - Intensity (Precision) 
The y-axis of a Raman spectrum is the intensity of the Raman signal, the number of counts registered 
on the CCD chip in this case. Since a large number of variables (laser power at the sample, alignment 
of the optics, detector sensitivity, etc) affect the measurement, it is rarely possible to compare 
accurately the absolute intensities between different instruments. Instead, the method employed is the 
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comparison of different peaks within each spectrum (the area under a band, the band height, position, 
shape, etc). This „self-calibration‟ removes the problem of instrument variation but at the same time 
limits the technique‟s applicability. Thus, it was essential to ensure that the intensities recorded across 
the spectral range did not vary between measurements before scientific investigations could begin. 
Repeatability 
In order to confirm that the instrumentation gave the same response to the same experimental 
conditions, repeated spectra of a sample were recorded. A piece of bone from the midshaft of on ovine 
femur was placed on the sample stage and a spectrum was recorded for one minute (60 x 1 s 
accumulation), without changing anything another spectrum was recorded. Ten spectra were recorded 
in this way. The fluorescence background was subtracted from each spectrum (using the routine that 
will be described below – pg 77) and they were plotted together (Figure 3.7). It can be seen that 
variation is very small (compared to the size of the signal) between each measurement and that the 
amide I band (shown inset) does not change shape. The average phosphate/amide I, carbonate/amide I 
and carbonate/phosphate ratios are given in Table 3-1, the standard deviation for each ratio is of the 
order of 1%. 
 
Figure 3.7 Ten spectra recorded one after another on the same piece of bone, the amide I band can 
be seen on a different scale (inset). 
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 (Repeatability) 
Ovine Femur 
Phosphate/Amide I 16.9 (±0.2) 
Carbonate/Amide I 8.6 (±0.1) 
Carbonate/Phosphate 0.507 (±0.002) 
Table 3-1 The same measurement was repeated ten times, i.e. ‘record spectrum’ was pressed ten 
times. The average ratio (and standard deviation) for the ν1 phosphate band, carbonate sym-stretch 
and amide I band are shown 
 
Reproducibility 
The related issue of reproducibility was also investigated. A piece of ovine femur was placed on the 
sample stage and a spectrum was recorded for one minute (60 x 1 s accumulation). The sample was 
then removed, it was then placed back on the stage so that the laser illuminated roughly the same area 
and another spectrum was recorded. Since it was impossible to probe to exact same piece of bone 
material (i.e. to have photons scatter from the same molecules), the variation between these plots was 
larger than in repeatability measurements. However, the spectra were again very similar and the 
amide I band did not change shape (shown in Figure 3.8). To quantify the difference between Figure 
3.7 and Figure 3.8, the deviation between the ten spectra was calculated for each data set. The 
„amount of scatter‟ (the mean standard deviation of each pixel) across the spectrum was 172% of that 
for the repeatability measurements above (11.7 x 10
-4 
as opposed to 6.8 x 10
-4
). The band ratios are 
given in Table 3-2, the standard deviations are a larger percentage of the averages.  
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Figure 3.8 The bone sample was removed and replaced before ever spectrum was recorded. 
 
 (Reproducibility) 
Ovine Femur 
Phosphate/Amide I 17.0 (±0.4) 
Carbonate/Amide I 9.0 (±0.2) 
Carbonate/Phosphate 0.533 (±0.003) 
Table 3-2 A sample of bone was placed in the instrument and removed after the spectrum was 
recorded, this was repeated ten times. The average band ratio (and standard deviations) for the 
ν1 phosphate band, carbonate sym-stretch and amide I band are shown. 
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Background Subtraction 
It was described above (Kerr Gate section – pg 62)  how fluorescence can drown out weak Raman 
signals by flooding the detection equipment and it was stated that this is often an especially severe 
problem for biological samples (where the fluorescence can be several orders of magnitude more 
intense than the weak Raman signal). There are hardware solutions for this problem other than Kerr-
gating; Fourier Transform Raman spectroscopy (which uses interferometry to separate light of 
different wavelengths)
179
 and longer wavelength or tunable lasers (which reduce the probability of 
exciting the molecule into an upper electronic state)
124,125,180 
have also been used by Raman 
investigators of bone. Methodological procedures such as photobleaching (allowing the laser to be 
incident on sample for a long time in order to „bleach‟ out fluorescing species)181,182 and treating the 
bone with chemicals
183,184
 have also been reported, but since these methods may chemically modify 
the sample they are not ideal. 
Another partial solution is to treat the data after they have been obtained to minimise the effect of the 
fluorescence. The spectra can be differentiated to show the positions of the (often) sharper Raman 
bands or a curve can be fitted to the broad fluorescence band variation and it can be subtracted from 
the original data. It is the latter method which was used for this thesis (see Figure 3.10). The 
automated “modified polyfit method”, which was designed by Lieber and Mahadevan-Jansen for 
application to biological samples fits high-order polynomial curves to the spectrum and subtracts them 
away.
185
 The automated process proceeds by smoothing of the spectrum in such a way that Raman 
peaks are automatically eliminated, leaving only the base-line fluorescence intact; this is then 
subtracted from the raw spectrum. It is based on a least-squares polynomial curve-fitting function. 
The function is modified so that all data points in the generated curve that are above the spectrum are 
automatically reassigned to the original intensity. This process is repeated a number of times (in our 
case there‟s a large upper limit of 10,000), gradually eliminating the higher-frequency Raman peaks 
(the program stops when number of reassigned pixels goes to zero). The program used was written in-
house by Dr. Neil MacLeod in the Matlab programming language (The MathWorks Inc., MA) and run 
on a desktop computer; a screenshot from it is shown in Figure 3.9. 
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Figure 3.9 Screenshot of the Matlab program used to subtract fluorescent backgrounds. 
 
The spectrum is loaded and the section to be corrected and order of polynomial to be fitted are chosen 
so as to most smoothly remove the fluorescence. Figure 3.10 shows the ovine femur spectrum with 
the background subtracted, it was corrected in three sections; the first from 380-1147 cm
-1
 had a 3
rd
 
order polynomial fitted (shown in Figure 3.9), the second from 1147-1515 cm
-1
 had another 3
rd
 order 
curve fitted and the last section from 1515-1925 cm
-1
 had a 2
nd
 order curve fitted. The breaking of the 
spectrum into pieces gave the cleanest background subtraction. 
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Figure 3.10 The black line with intensity of up to ~6.5 x 107 is the raw data (obtained from ovine 
femur bone). It contains the fluorescence and Raman spectra. A polynomial was fitted to it (red 
line) and subtracted to give the final spectrum (at the bottom). This final spectrum has already 
been shown in Figure 2.2 and Figure 2.3(b). 
 
There is another problem related to fluorescence and inherent to Raman spectroscopy that should be 
mentioned here. Typically, the longer a Raman spectrum is accumulated for, the more photons 
collected, and the better the signal to noise ratio will be (assuming the laser power and laser 
wavelength are such that they will not damage the sample).
XVI
 However, the signal to noise ratio of 
the Raman spectrum will be affected by the shot noise (or Poisson noise - the statistical fluctuations 
due to the quantised nature of light) of the (often much larger) fluorescence background signal. This 
shot noise (which is proportional to the square root of the number of photons collected) often 
determines the quality of a Raman spectrum. 
                                                     
XVI
 This also assumes the detector is not saturated, e.g. in the repeatability experiment above the CCD chip was 
read off 30 times, each after an accumulation of 1 s (i.e. 30 x 1 s) but 1 accumulation of 30 s (i.e. 1 x 30 s) 
would have meant that some of the pixels would hit their maximum capacity and stopped recording (saturation - 
Figure 2.3, pg 53). 
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Other Validation Experiments 
The specific details of the various bone samples used in the experiments will be described in the 
appropriate sections but two aspects of the methodology which are relevant to Chapters Four, Five 
and Six, are addressed here; the variation between individuals and the affect the state of hydration of 
the bone material has on its Raman spectrum. 
Measurement of Spectral Variation between Individuals 
The Raman spectra (60 x 1 s accumulation) of mid-shaft tibiotarsus bone material (periosteal surface) 
from ten chickens are shown in Figure 3.11; the chickens were from the same batch on a single farm 
and were slaughtered at the same time. It can be seen that there are no large variations in the band 
intensities or band profiles between the animals. The average band ratios are given in Table 3-3, the 
largest standard deviation (for the ν1 phosphate/amide I) is ~5% and this includes the difference 
introduced during the fluorescence background removal. This indicates that the chemical 
compositions of the different tibiotarsi and mineral volume fractions are very similar (since the 
intensity ratios of phosphate bands to collagen bands are linearly related to gravimetrically determined 
(ashing) mineral volume fraction
120,186
). It is not surprising that genetically similar chickens which 
were born on the same farm in the same year have very similar bone material; indeed it is known from 
the literature that the mechanical properties of bone material from the limb bones of adult mammals 
and birds do not vary a great deal (this is discussed further in Chapter Five).
7,38,224 
 
Figure 3.11 Tibiotarsus bone from ten chickens. There are no great variations in the intensities or 
profiles of the bands. The fluorescence background subtraction may be responsible for the largest 
variation observed (phosphate ν2 at ~445 cm-1). 
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 Individual Variation 
(Ten Chicken Tibiotarsi) 
Phosphate/Amide I 15.2 (±0.9) 
Carbonate/Amide I 8.4 (±0.4) 
Carbonate/Phosphate 0.56 (±0.01) 
Table 3-3 Spectra of tibiotarsus bone material were obtained for ten chickens. The average height 
ratio (and standard deviation) for the ν1 phosphate band, carbonate sym-stretch and amide I band 
are shown. 
 
Dehydration/Rehydration 
It was stated above that water is a weak Raman scatterer and that this can be an advantage for Raman 
over other spectroscopy techniques (pg 50). However, it was also stated that water affects the 
mechanical properties of bone (pg 23), affects the spacing between the collagen molecules and plays a 
role at the molecular scale in and about the interface of the bone mineral crystals/collagen fibrils, this 
means the effect that the evaporation of water has on the Raman spectrum of bone material must be 
investigated. 
In order to study how the ambient evaporation of fluid from bone material affects its Raman spectrum, 
the cortex was excised from the mid-shaft of a chicken-tibiotarsus bone. It was scraped to remove 
marrow, blood and other tissues, cleaned with phosphate buffered saline solution (PBS - GIBCO™ 
7.2 (1X); liquid) and polished/dried with tissue paper. This resulted in a small sample (1 cm x 2 cm x 
cortical thickness [~1 mm]) of clean white cortical bone material which was stored in a jar of PBS 
solution. After thirteen days, the sample was removed from the jar and placed in the laser beam (at the 
illumination point of the Raman instrument) and a spectrum (60 x 1 s) was recorded instantly. When 
this accumulation finished more spectra were recorded at different intervals until the specimen had 
been drying for fifty hours. The spectra are shown in Figure 3.12, there are no significant changes in 
the band profiles (inset of Figure 3.12) and the band ratios are consistent (Table 3-4 shows the largest 
standard deviation between the band ratios is less than 5% and this includes the differences introduced 
by the fluorescence background removal). 
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Figure 3.12 Spectra of cortical bone from a chicken-tibiotarsus, the spectra did not change even 
though bone was dripping wet (PBS solution) for first spectrum and had been at room temperature 
for 50 hours for the last. The small sharp peak at 1730 cm-1 in one of one of the spectra is a cosmic 
ray (a spurious signal due to CCD being impacted by a charged particle originating in space). 
 
 Dehydration 
(One Chicken Tibiotarsus) 
Phosphate/Amide I 14.4 (±0.6) 
Carbonate/Amide I 7.8 (±0.3) 
Carbonate/Phosphate 0.539 (±0.003) 
Table 3-4 Spectra of bone material were recorded as it dried in ambient conditions. The average 
ratio (and standard deviation) for the ν1 phosphate band, carbonate sym-stretch and amide I band 
are shown. 
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Figure 3.13 Spectra of bone material were recorded as it dried in ambient conditions. The average 
ratios for the ν1 phosphate band, carbonate sym-stretch and amide I band did not vary in any 
systematic way over time. 
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3.3 Technical Developments 
A Novel Technique for Enhancing Signal in Conventional Backscattering Fluorescence and 
Raman Spectroscopy of Turbid Media 
Introduction 
The research presented in this section resulted in a paper titled “Technique for Enhancing Signal in 
Conventional Backscattering Fluorescence and Raman Spectroscopy of Turbid Media” which was 
published in the journal Analytical Chemistry and a poster of the same name which was presented at 
the Pittsburgh Conference in Chicago in March 2009.
6 
The work explores whether the Raman (and 
Fluorescence) signal of turbid media collected in the conventional backscattering geometry can be 
enhanced by inserting a dielectric filter at the laser illumination. Signal enhancements improve the 
spectral quality, enhance sensitivity and/or reduce acquisition times. The technique is based on the use 
of a dielectric filter as a „unidirectional mirror‟ and was previously demonstrated using transmission 
Raman spectroscopy and SORS.
187,188
 Described here is the first demonstration of its application with 
the conventional backscattering experimental geometry (where the signal that is collected is travelling 
in the opposite direction to the probe photons with no lateral displacement on the sample surface). 
Since the backscattering geometry is more common, this development makes the enhancement 
technique more widely applicable. 
In order for Raman (or fluorescence) signal to be generated in a sample medium, the probe photons 
must propagate through it, once they scatter across the boundary of the medium they propagate away 
from the sample and are lost from the system i.e. they are wasted. For turbid media, such as living 
tissue and pharmaceutical products, many probe photons are lost at the point where the laser photons 
should be entering the system (the „coupling interface‟ or „illumination zone‟).189,190 For opaque 
samples such as powders, over 90% of the incident laser radiation can be scattered backwards in a 
sample just a few millimetres thick.
191
 The aim of the „unidirectional mirror‟ or „beam enhancer‟ 
technique (illustrated in Figure 3.14) is to reduce this probe-photon loss, increase the average time the 
probe photons spend in the sample medium and thus enhance useful signal (specifically Raman or 
fluorescence signals). It is applicable when the laser wavelength is not, or is only weakly, absorbed by 
the diffusely scattering samples. Given it is such a weak process, any method that enhances the 
intensity of Raman scattering is a valuable addition. 
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Figure 3.14 Schematic diagram of the principle for the enhancement of fluorescence and Raman 
signals in conventional backscattering geometry of turbid samples using a ‘unidirectional’ mirror. 
 
Figure 3.14 shows the dielectric element positioned in the laser path. Similar schemes have been 
described by Matousek et al. in earlier theoretical and experimental work where the benefits of such 
filters were demonstrated using specialized variants of Raman spectroscopy (transmission Raman and 
spatially offset Raman spectroscopy (SORS)).
156,187,188
 These studies required the spatial separation of 
the laser deposition and the collection areas. However, the majority of Raman and fluorescence 
spectrometers utilize a backscattering geometry where the illumination and collection areas are 
coincident. Here, the viability of this concept for the backscattering geometry commonly used in 
Raman and fluorescence spectroscopy is demonstrated experimentally for the first time, thus 
considerably increasing its usefulness and its applicability. 
The „unidirectional mirror‟ concept relies on the angular dependence property of multilayer dielectric 
optical filters, specifically the dependence of the transmission profile on photon incidence angle; the 
spectral transmission window shifts to shorter wavelength when a photon is incident from an angle 
greater than zero (see Figure 3.15).
192
 The mechanism and the magnitude of this shift are discussed in 
reference 187. If the filter is designed for high transmittance of the laser wavelength at normal 
incidence, then it can function as a unidirectional mirror; laser photons scattered from the sample 
surface with angles of incidence different from normal will be reflected back into the sample with 
high efficiency. By choosing a suitable dielectric filter, photons shifted to longer wavelength (due to 
Raman or fluorescence scattering) are able to pass through the filter and on towards the detection 
system (see Figure 3.16). In addition, broadband mirrors can be used at the other sample-air interfaces 
to minimize the loss of photons (at all wavelengths) and further enhance the detected signal. This 
property will also be demonstrated experimentally. 
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Figure 3.15 Schematic illustration of the shift of the wavelength dependence of a multilayer 
dielectric optical element with angle of incidence. 
 
As discussed in earlier work
187
 the enhancing mirror when used in the conventional geometry 
constrains the usable Raman signal to be above a certain wavenumber threshold, in our experiments 
the value is ~900 cm
-1
 (see Figure 3.17). This limitation stems from requirement for positioning the 
filter‟s spectral edge at a wavelength sufficiently far from the laser line; it needs to be far away in 
order to act as a mirror for a significant portion of laser photons emerging from sample at non-normal 
incidence. No such constraint exists on the spectral profile for the transmission geometry.
187
 For 
fluorescence spectroscopy this is a lesser issue as red shifts from the laser excitation wavelength are 
typically much larger. 
Although conventional mirrors have long been used to redirect transmitted laser light back into the 
sample as a way of increasing the intensity of Raman signal
193
 and to reduce photon loss near the 
laser radiation coupling zone
194
 such elements do not prevent the photon loss at what is often the most 
critical area, the delivery zone of laser radiation into the sample. This loss becomes more marked in 
applications where safety or other limits prevent the laser radiation from being concentrated onto a 
small area. Examples include the illumination of human skin or applications in explosive powder 
environments in pharmaceutical industry. The solution presented here is fully compatible with the 
defocused laser beams used in such conditions. It also means that the technique may be important for 
future SORS experiments which aim to obtain chemical information from bone through skin and 
tissue. 
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Materials and Methods 
A schematic diagram of the apparatus used to obtain the Raman and fluorescence spectra is shown in 
Figure 3.16. For the Raman measurements, much of the equipment was that described above (the 
830 nm laser, the collection optics, the collection fibre, the Kaiser notch filter, the spectrograph and 
the CCD camera). The laser beam was directed with a prism through the beam enhancer and onto the 
sample. The beam enhancer was an Iridian Spectral Technologies custom made filter (see Figure 
3.17) with a transmission peak at the lasing wavelength and with a full transmission above 900 nm 
(corresponding to 930 cm
-1
 Raman shift). The dielectric filter was mounted on a translation stage in 
order to be able to precisely control its distance from the sample. At the sample, the laser power was 
250 mW and the laser beam diameter was 1.0 mm. 
 
Figure 3.16 Experimental apparatus used to measure enhanced fluorescence and Raman spectra. 
The wavelength of the probe laser and the transmission profiles of the filters are different for each 
experiment. 
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Figure 3.17 Measurement of the wavelength dependence of the ‘unidirectional mirror’ used to 
enhance the Raman spectra. 
 
For the fluorescence measurements, the collection and detection equipment was the same as above but 
the probe laser was a green Helium Neon laser (543.5 nm, 0.40 mW, 1.1 mm beam diameter) 
equipped with a 10 nm bandpass filter centered at the laser wavelength to purify the spectrum. The 
beam enhancer was a (Semrock BrightLine®) dielectric single-band filter (525 nm), its transmission 
spectrum is given in Figure 3.18. In place of the notch filter was an edge filter (Semrock) that 
removed all radiation with a wavelength shorter than 900 nm. 
 
Figure 3.18 Measurement of the wavelength dependence of the ‘unidirectional mirror’ used to 
enhance the fluorescence spectra. The non-uniformity of the transmission in the 900-1000 nm range 
produces artefacts in the enhanced spectra. 
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Spectra were obtained whilst varying the distance (d in Figure 3.16) between the sample and the 
dielectric filter (the beam enhancer). In Raman measurements the sample was a standard 3.9 mm thick 
paracetamol tablet. In fluorescence studies, the same tablet was used but with a thin coating layer of 
fluorescent ink applied to its surface using a green highlighter pen to enhance florescence emission in 
the 900-1000 nm region covered by the detection system. Additional Raman experiments were 
performed on a 4 mm thick block of plastic (Teflon) with the dichroic mirror at the illumination site 
and a second mirror (Aluminum UV protected mirror, Reflectivity >90%; 400nm-10.0μm, Thorlabs) 
at the back end of the slab. Raman spectra were taken with no filters present, with the filter at the 
illumination zone, with the mirror at the back of the sample and finally with both filter and mirror. 
Results of Study 
The Raman and fluorescence spectra of a paracetamol tablet for different enhancer/tablet distances (d) 
are shown in Figure 3.19 and Figure 3.20; maximum signal is achieved when the filter is in contact 
with the sample and it decreases rapidly with increasing d. 
 
Figure 3.19 Raman spectrum of a paracetamol tablet recorded at various separations between 
sample and dielectric mirror (d = 0 to 2.75 mm). The filter used to enhance the Raman spectra was 
designed to have a flat transmission profile across the whole active spectral region thus the whole 
spectra sees the same enhancement. 
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Figure 3.20 Fluorescence spectrum of a paracetamol tablet recorded at various separations between 
sample and dielectric mirror (d = 0 to 2.75 mm). The intensity can be seen to decrease as the filter is 
moved away from the tablet. The apparent structure in the fluorescence spectra is an artefact of the 
transmission profile of the mirror, a suitably designed filter would eliminate this.  
 
Plots of the (approximately exponential) relationship between signal enhancement and d can be seen 
in Figure 3.21 and Figure 3.22. The signal is enhanced by a factor of 3 for Raman and a factor of 6 for 
fluorescence. When the Raman spectra were normalized so as to be the same height, the features were 
seen to be identical, as was expected. The enhanced signals were stable with no signs of any undue 
intensity fluctuations and the enhancement factors were reproducible upon successive approaches of 
the filter to the sample. The apparent structure in the fluorescence spectra is an artefact of the 
transmission curve of the beam enhancer (see the 900-1000 nm range in Figure 3.18). 
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Figure 3.21 shows the dependence of the Raman signal intensity on the separation between sample 
(paracetamol tablet) and dielectric filter. 
 
 
Figure 3.22 shows the dependence of fluorescence signal intensity on the separation between 
sample (paracetamol tablet) and dielectric filter. 
 
In some cases, further enhancement can be obtained by the incorporating an additional broadband 
mirror at the “transmitted side” of the sample. For 4 mm thick Teflon slabs, a single unidirectional 
mirror at the illumination zone resulted in an enhancement of the Raman signal by a factor of 1.7. A 
single broadband mirror at the transmitted side gave an enhancement of 1.5 and the combination of 
the two gave an enhancement factor of 2.8 (Figure 3.23). 
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Figure 3.23 Raman spectra of a plastic slab (Teflon, 4 mm thick) with no filters present (thick line), 
with a single filter added to the front (dashed line) or back (thin line) of the sample and with 
filters at both sides of the sample (dotted line). 
 
Discussion of Study 
The beam enhancer technique presented here may be useful for investigators developing SORS as a 
tool for probing bone through skin and overlying tissue and has potential to become incorporated in a 
future SORS instrument. The enhancer could be put in contact with the skin and used to define the 
optical plane. However, since the precise enhancement factors achievable in each application will 
vary depending on the experimental parameters and the scattering/absorption properties of the probed 
sample, it is hard to predict how useful it will be without further experimentation. For example, the 
„photon trap‟ experiment was also performed for a standard 3.9-mm thick paracetamol tablet, a 
medium of higher turbidity, and adding the extra mirror at the back, in addition to the beam enhancer 
at the front, only increased the overall Raman signal by a small fraction (10 %). The efficiency of 
coupling of laser radiation into turbid media using enhancing elements as a function of sample 
properties was discussed in an earlier theoretical study.
195
 The final result (presented in Figure 3.23) 
suggests that, using suitably selected filters and mirrors, a photon „trap‟ could be constructed which 
would be capable of increasing the Raman signal by a significant amount. In order to achieve an 
equivalent enhancement using other means it would be necessary to increase laser power, collection 
time, detector sensitivity or collection system/spectrograph throughput
196
 by similar factors. However, 
these alternative measures may not be straightforward (or even possible) to implement for in vivo 
studies (for instance, the maximum laser power allowable on the skin is set by safety regulations). 
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Conclusions from Study 
A concept for the enhancement of fluorescence and Raman signals from turbid media using a 
conventional backscattering geometry has been demonstrated. The enhancement was achieved using a 
custom made dielectric bandpass filters inserted at the laser illumination spot. Additional 
enhancement was achieved by inserting broad-band mirrors at the other sample to air interfaces. The 
enhancement contributes to improve signal or permits shortening of applied laser power or acquisition 
times and may be useful for deep, non-invasive Raman spectroscopy of bone through skin and 
overlying tissue in the future. 
3.4 Conclusions from Chapter Three 
This chapter described the instrument which was used to record all the Raman spectra in this thesis in 
detail. Some of the tests which were performed to calibrate and validate the instrument were also 
described. 
A new technology which enhances Raman signal from turbid media (such as pharmaceutical tablets 
and plastics) was then described, and it was demonstrated experimentally. The beam enhancer would 
be useful in applications where safety, or other limits, prevent the laser radiation from being 
concentrated onto a small area, e.g. the illumination of human skin or applications in explosive 
powder environments in the pharmaceutical industry. The magnitude of the enhancement depends on 
the scattering and absorption properties of the turbid medium and can be predicted using Monte Carlo 
simulations or derived empirically.
187,188
 
The Raman data reported in the rest of this thesis were recorded using conventional Raman 
spectroscopy (traditional backscattering geometry) and excised bone samples. Thus, there will be no 
further discussion of this beam enhancer technology until the final ‘Future Work’ section, when the 
possibility of applying it to the study of bone material in vivo will be discussed (specifically the 
possibility of combining the beam enhancer with SORS). 
The Raman spectroscopic studies of excised bone samples begin in the next chapter with a study 
which looks at the spectral consequences of functional adaptation.  
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4. Raman Spectroscopy Used for Non-destructive Assessment of Bony 
Materials with Widely Ranging Material Properties 
4.1 Introduction 
In the earlier introductory chapter, it was shown that the chemical composition of bone material could 
vary, with the proportions of mineral, collagen and water differing for different bone samples (see 
Figure 1.4 – pg 23). This compositional variation exists because of natural selection and is driven by 
the need to produce bone-types that have different mechanical properties in order to fulfil different 
functions.
7
 This chapter investigates the Raman spectral signatures of this functionally induced 
compositional variation. Electron micrographs of this functionally adapted bone material are also 
presented which illustrate how large differences in mineral to collagen ratio manifest themselves at 
the micron scale. The aim is to determine if a correlation exists between Raman bands and material 
properties for bony materials that differ widely in mineral volume fraction. This work is being 
prepared for publication in an article titled “Differences in Mineral Volume Fraction are Associated 
with Changes in the Collagen Chemistry; a Raman Spectroscopy Study”. 
Functionally Adapted Bone 
Bones are adapted through evolution to fulfil the specific functional demands placed upon them. The 
adaptations are evident at all levels, from the macroscopic shape, to the smaller level architecture and 
microstructure, and down to the basic genetically determined chemical composition of the material 
itself. The bone material‟s composition is adapted in order to „tune‟ its mechanical properties; bone 
can have a large mineral volume fraction to maximize stiffness, can have a large relative proportion of 
collagen to increase toughness, or generally, can be somewhere on the continuum in between.
197
 
Illustrative examples of this phenomenon have been well documented for many species and many 
different bones with different functional roles they include: bone from deer‟s antler (a bone naturally 
selected for toughness), tympanic bulla bone from the ear of a fin whale (naturally selected for 
stiffness) and „standard‟ bone material from the long bones of the leg, which must be both tough 
enough to resist fracture and stiff enough to resist deformation during physiological loading. 
Deer antlers are mainly used to fight for male dominance, any deer with brittle antlers would lose the 
fights in which he entered, lose the chance to reproduce and pass on his genetic material, and could 
possibly lose his life. Hence, natural selection has ensured that the material from which antlers are 
made is as tough as possible; this tough material has a lower mineral volume fraction and higher 
collagen content than that found in the matrix of long bone diaphyses. At the other extreme, auditory 
bones in the skulls of mammals, e.g. the tympanic bulla, are adapted to optimize transmission of 
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acoustic vibrations; the bone matrix is optimised to be as stiff as possible, resulting in a brittle bone 
material with a high mineral volume fraction. Between these two extremes is „standard‟ bone material 
from adult mammalian limbs. It must be tough enough to resist fracture during physiological loading, 
and stiff enough to resist too much deformation, for this, natural selection has produced a material 
with adapted material properties that are an intermediate between antler and tympanic bulla.
197,198,199
 
Some mechanical properties of these three types of bone material (obtained from reference 7) are 
given in Table 4-1. 
Property Antler Femur 
Tympanic 
Bulla 
Young‟s modulus of elasticity (measure of 
stiffness) 
7.4 GPa 13.5 GPa 31.3 GPa 
Work to fracture (measure of toughness) 6190 J m
-2
 2800 J m
-2
 20 J m
-2
 
Table 4-1 Data (from reference 7) illustrating the different mechanical properties of bone with 
different roles. Femur in the table refers to an equine femur whereas the present study uses 
‘standard’ bone from an ovine femur and an equine metacarpus. 
 
The purpose of this study was to explore the premise that a correlation between Raman bands and 
material properties exists across a wide range of mineral volume fractions and across bones with 
different functional roles. In addition to Raman measurements, images of the tough, stiff and standard 
bone were obtained with a scanning electron microscope; these images showed how the chemical 
compositional changes manifested themselves at the micron level. 
Relevant Raman Studies 
As was shown in the literature review section above (pg 52), studies showing relationships between 
the Raman spectrum of bone material and its mechanical properties are well demonstrated. Amongst 
others, there have been studies relating Raman measurements to nano-indentation measurements 
within osteons,
200
 studies of bone from inbred mice strains,
137,138,139,201,202
 and studies of age-related 
changes in bone.
122,124
 Crystallinity of the mineral phase of bone has also been measured with Raman 
spectroscopy and been related to various mechanical properties.
203
 Raman studies of non-standard 
bony materials (i.e. bone not from the cortices adult mammal long bones) are not new either; the 
literature includes reports of studies of human dentine composition
204,205,206
 and  dentine 
mineralisation,
207
 a study which used Raman spectroscopy to discriminate between ivories from six 
different species,
208
 a study of fish bone
209
 and a study which looked at bones from different species 
and found an increased collagen/mineral Raman ratio in deer antler compared with other bones.
210
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However, no comparative studies have been reported relating the Raman spectra of non-pathological 
bony materials which have been adapted for different physiological requirements, to their matrix 
composition/material properties over the wide range given here. 
4.2 Materials and Methods 
Bone Samples 
The samples of bone material used in this study were the antler (from a red deer - Cervus elaphus), 
„standard‟ bone material from the femur of a sheep (it was from the mid diaphysis of the femur of a 
skeletally mature Welsh Mule domestic sheep - Ovis aries) and the highly mineralised tympanic bulla 
bone material (from a Fin Whale - Balaenoptera physalus) described above. In addition to these were 
a number of other mineralised tissues with differing functions; they were bone from the metacarpus of 
a thoroughbred racehorse (Equus callabus), both the dentine and cementum from the tusk (incisor 
tooth) of a narwhal (Monodon monoceros) and rostrum bone from the skull of a Beaked Whale 
(Mesoplodon densirostris). There was one sample (n=1) of each. Five of the samples had been used in 
previously published studies and hence their Young‟s moduli were known, the other two figures 
reproduced in Table 2 come from the cited literature. The samples had been stored under ambient 
conditions for a number of months or in some cases years and hence were dry when their spectrum 
were taken. Thin sections were cut from the red deer antler, ovine femur and fin whale tympanic bulla 
in order that they could be imaged with the electron microscope. 
 
Red 
Deer 
Antler 
Ovine 
Femur 
Fin 
Whale 
Bulla 
Beaked 
Whale 
Rostrum 
Horse 
Metacarpus 
Narwhal 
Dentine 
Narwhal 
Cementum 
Young‟s 
modulus 
of 
elasticity 
7.4 GPa 22 GPa 31.3 GPa 46 GPa 15 GPa 10.3 GPa 5.3 GPa 
Table 4-2 Young's moduli of various bony materials. Note: All data from Currey 20067 except Ovine 
Femur211 & Horse Metacarpus.212 
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Raman Data Collection  
The Raman instrument used to obtain the spectra has been fully described in Chapter Three above 
(pg 69). The laser beam was directed onto the area of bone to be probed, the arrangement meant that 
signal was collected from ~1.2 mm diameter circle on the sample surface which is a relatively large 
collection area (in other applications using confocal Raman microscopy typical probe zone diameter 
would be ~1-100 micrometers) and meant that variations due to bone heterogeneity (microstructure) 
were largely reduced.  
The spectrum of each sample was taken in turn for 60 seconds (240 x 0.25 second exposures) and this 
was repeated ten times; this meant that each measurement sampled a different volume of bone and the 
reproducibility could be quantified. Some samples comprised cortical and cancellous bone; all 
measurements were taken from cortical bone. 
Electron Microscope Images 
The micrograph images were captured with a JEOL JSM-6610LV scanning electron microscope 
instrument; it had a tungsten filament and was operating in high vacuum mode. The magnification 
was 25,000 and the voltage was 15kV. Each sample was metalized with a thin layer of platinum 
before imaging, the metal was sputtered (thickness <10 nm) using an Emitech K650TB (plasma 
technology). Cracks in the samples were not visible with the naked eye. It is probable that 
micron-scale defects were present in the animal‟s bones when they were alive but it must be pointed 
out that these particular cracks may have been created when the bones were being sectioned. 
Data Processing 
The raw Raman spectra had broad fluorescence backgrounds which were removed using the method 
described above (Chapter Three – pg 77). The spectra were split into two (at 1150 cm-1) and a third 
order polynomial curve being fitted to each section before they were rejoined. These parameters were 
chosen to ensure the smallest collagen bands did not become distorted. The Raman spectra were then 
normalized to the largest band (the 1 phosphate band at ~960 cm
-1
) in order to compare the relative 
intensities of the other bands (i.e. every pixel was divided by the intensity of the pixel atop the 
960 cm
-1
 band. The intensity ratios for different bands were calculated by dividing one height by the 
other (specified in the results section). The noise on the height measurement was reduced by taking 
account of a number of pixels (averaged). 
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4.3 Results 
Figure 4.1 shows scanning electron micrographs of micro-cracks in tympanic bulla bone (left), ovine 
femur bone (middle) and antler bone (right). The difference in the cracking mechanisms are dramatic, 
the tympanic bulla sample has a clean crack with no collagen fibrils visible, whereas the antler sample 
on the left shows many collagen fibrils, some of which are seen to be traversing the crack. The 
standard bone only has a few fibrils which still traverse the crack or jut out from the surface. 
 
Figure 4.1 SEM pictures of the stiff tympanic bulla bone material from the ear of a fin whale, 
‘standard’ bone material from an ovine femur and tougher bone material from a red deer antler. 
The density of collagen fibres is clearly different in each. The scale bar represents 1 μm. 
 
The Raman spectra of the antler, femur and bulla are shown in Figure 4.2, the molecular mode 
assignments of the Raman bands of bone have already been described; below 1200 cm
-1
 the bands 
associated with the inorganic mineral phase of bone dominate and above it the bands associated with 
the organic (collagen) phase of bone dominate (there are some exceptions such as the 
proline/hydroxyproline bands below 900 cm
-1
). The variation in the intensity of the collagen bands is 
clear in Figure 4.2; the intensity ratios for different bands were calculated and are given in Table 4-3. 
What seems like broadening of the phosphate 1 band near its base is actually due to overlapping 
collagen bands in the same spectral region. The Raman spectra of all of the samples were analysed in 
the same way. The carbonate/phosphate band ratio showed no large variation. The ratio of mineral to 
collagen (main phosphate band to amide I band) varied over a relatively large range: rostrum (246.3), 
metacarpus (19.6), dentine (16.5) and cementum (18.0). The phosphate/amide I ratios of the 
mineralised tissues increased with Young‟s modulus; this relationship is plotted in Figure 4.3. 
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Figure 4.2 Raman spectra of the stiff tympanic bulla, ‘standard’ femur and the tough antler. The  
spectra have been normalised to the 1 phosphate band (960 cm-1); the other major mineral bands 
are all the same height (small differences occur near where there are broad underlying collagen 
bands) and the collagen bands have large differences. 
 
 Antler Femur Tympanic Bulla 
Phosphate/Amide I 13 (±1) 24.7 (±0.7) 95 (±9) 
Carbonate/Amide I 2.5 (±0.3) 5.2 (±0.2) 20 (±2) 
Carbonate/Phosphate 0.197 (±0.007) 0.212 (±0.004) 0.214 (±0.005) 
Table 4-3 Compositional differences of the three main bone samples. Ten different measurements 
were made of each sample (10 X 3 = 30 spectra), the average result is given along with the standard 
deviations in parentheses. 
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Figure 4.3 The relationship between mineral/collagen ratio (log10 scale) derived from Raman 
measurements, and the Young's modulus for seven types of bony tissue. The Young’s moduli are 
all from Currey 20067 except Ovine Femur211 & Horse Metacarpus.212 
 
4.4 Discussion 
The correlation of Raman spectroscopic measurements of the mineral to collagen ratio with Young's 
moduli has been demonstrated for a number of different mineralised tissue types, the range of moduli 
is much wider than previously demonstrated in the literature. The correlation coefficient is 93% 
(Figure 4.3) and is statistically significant (p < 0.05)
XVII
. SEM images of three types of bone material 
with widely differing functions have also been presented; the images compliment the Raman 
measurements of chemical composition by illustrating how the variation of mineral volume fraction 
affects the material at the micron level. The tympanic bulla bone which has a work to fracture (this is 
the amount of work to drive a crack through the material and is a measure of toughness) of 20 J m
-2 
had sheer cracks in the SEM images and no collagen fibres were visible. The phosphate/amide I band 
ratio was 95 for this material. This was in stark contrast to the antler bone material which has a work 
to fracture of 6190 J m
-2
, it had a dense array of fibres in its SEM image and a phosphate/amide I of 
13. 
Previous studies have shown that the phosphate/amide I band ratios are polarisation sensitive.
148, 149
 
Unlike the instruments used in those studies, the instrument in the present study was not designed to 
                                                     
XVII
 p = 0.0004 - Result of an r to p calculation for N = 7 and r
2
 = 0.9326 (r = 0.9657). 
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be polarisation sensitive; it had no polarizer (half wave plate) to filter the laser light before it impacted 
on the sample (i.e. laser light was not perfect linearly polarised), the spot size at the sample was 
>1 mm in diameter (introducing polarization-destroying scattering effects and meaning information 
was averaged over many lamellae) and the collected scatter was fed through optical fibres (meaning 
some polarisation information was destroyed). In addition, the numerical aperture of the fibre probe 
was low (N.A. 0.37); Raghavan et al. have shown that polarisation effects are reduced for instruments 
with such low numerical apertures
154
 because the light penetrates through several lamellae and smears 
the orientation out.
92
 
Visual inspection of Figure 4.2 shows that the ν2 phosphate to amide III ratio (which is polarization 
and orientation insensitive)
149
 also increases in the order bulla-femur-antler, as one would expect if the 
measurements were due to composition rather than orientation. The large differences in mineral to 
collagen band ratios remained when the results were reproduced with two orthogonal laser 
polarizations. 
This study was limited by our inability to access large numbers samples and by the fact that the exact 
history of each specimen was unknown. The latter was somewhat mitigated by the fact that the Raman 
spectral features reported are more than eighty times larger than subtle effects associated with 
dehydrating/rehydrating bone samples (Chapter Three) and by the fact that the antler, tympanic bulla, 
narwhal dentine, narwhal cementum and the rostrum bone were the actual specimens whose 
properties were measured in the cited literature.
7
 
Gravimetric methods such as ashing have long been used to measure the amount of organic material 
and mineral in bone samples, they give absolute amount results and not the relative ratios obtainable 
with Raman spectroscopy. For example, for the specimens in Currey 1990
198
 the mineral content (mg 
of Calcium per mg of bone) predicts 93% of Young‟s modulus (in agreement with the Raman data 
presented here). Ashing is convenient and easily executed with excised samples, but it has an obvious 
drawback in that it cannot be used without destroying the sample. 
Perhaps the most interesting of the various bone materials probed was from the rostrum of Blainville's 
Beaked Whale (Mesoplodon densirostris); it is very highly mineralised and is the stiffest bone yet 
documented with a Young‟s modulus of 46 Gpa.3,213,214 Its purpose is not known but it has been 
hypothesized that it plays a role in echolocation or as a weight for ballast.
215
 The Raman 
measurements showed a large phosphate/amide ratio (phosphate/amide I = 234), much higher than 
any of the other bony tissues. Tympanic bulla bone and rostrum bone have a higher mineral volume 
fraction and stiffness than femur bone material but they are much less tough, a femur made from these 
materials would be very susceptible to fracture and therefore not fit for purpose. This consideration of 
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extreme bone materials is useful for illustrating the strengths and limitations of different analytical 
techniques, and their potential to analyse and predict the mechanical properties of whole bones. An 
ideal technique would take into account both the structural properties of the bone (the amount of 
material and its architectural arrangement) and the material properties of the bone (the mechanical 
properties of the bone material). Since the mechanical properties of bone material are to a large degree 
determined by its collagen to mineral ratio
216
 and can be very sensitive to small changes,
5 
an ideal 
measurement technique would obtain information from the organic phase and the mineral phase of the 
bone. 
X-ray techniques, which measure the amount of bone mineral (and thus the amount of bone) present 
along the direction of radiation propagation, are well suited to measure structural properties, they can 
be used to measure the amount of bone in a given volume and its arrangement in space. However, 
since x-ray techniques are blind to the collagen in the bone; they cannot directly measure the ratio 
collagen to mineral; a thin cortex of 'rostrum-type' bone would absorb as much radiation as a thicker 
slab of 'standard' bone. Raman spectroscopy on the other hand can give chemically specific 
information about the material that is present but cannot measure the quantity of bone material. [This 
distinction is blurred when analysing sectioned bone samples of known thickness: x-ray 
techniques
217,218
 and spectroscopic techniques
186
]. As was shown in Chapter Two, it may be possible 
to obtain compositional information non-invasively with Raman spectroscopy in the future
162,172,219
 
which could be combined with the structural data from x-ray or other techniques (e.g. ultrasound). 
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4.5 Conclusions from Chapter Four 
A correlation exists between the intensity-ratios of certain Raman bands and the mechanical 
properties of bone material across a wide range of mineral volume fractions and in bone materials 
with different functional roles. The effects of compositional changes on bone material mechanical 
properties become clear when one examines micron-scale cracks. 
The central thesis is concerned with the mechanical properties of bone material being adapted in 
differently loaded regions by a subtle tuning of the collagen chemistry which controls the mineral to 
collagen ratio. The data presented in this chapter show that Raman spectroscopy can be used to study 
this adaptation of bone material mechanical properties and so the central thesis can now be broken 
down into two sections: 
 Are the mechanical properties tuned at the whole bone (or regional) level? 
And 
 Is mechanical property tuning controlled by the collagen chemistry? 
The next chapter will look at the first of these two questions by looking for regional variation in the 
cortices of long bones from large animals. 
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5. Changes in the Composition of Cortical Bone along the 
Proximodistal Axis of Long Bones 
5.1 Introduction 
As was discussed in the previous chapter, bone is a class of materials with different proportions of 
mineral and collagen and hence it has a range of mechanical properties. The chapter also discussed 
why evolution has produced these different types of bone material, i.e. they fulfil different functions. 
In this chapter, mineral to collagen tuning of cortical bone within single bone organs will be 
investigated. The material comprising long bones will be probed with Raman spectroscopy at 
different points on the cortex; it is hypothesised that the bone material will have differences in 
mineral/collagen ratio in regions where it is subjected to different mechanical loads. First; another 
more widely known example of mineral/collagen variation within individual bone organs will be 
discussed. 
Cancellous and Cortical Bone Material 
Cancellous bone material is 20-30% less stiff than cortical bone material (i.e. the material the plates 
and struts are composed of is less stiff than the material that solid cortices are made of).
220
 The 
cancellous bone material also has a lower mineral volume fraction than cortical bone
221,222
 (although 
microstructure may explain some of the mechanical property differences)
220
. A recent Raman study 
comparing cortical and trabecular bone from standard laboratory mice in physiological conditions 
reported that the mineral to collagen ratio (phosphate v4/amide III) was significantly greater in cortical 
bone than in trabecular bone.
223
 The Raman study ascribed the changes observed to differences in the 
tissue-age stemming from slower turnover rates but in general small rodents have little or no bone 
remodelling. 
There could be another age related explanation as to why cancellous bone material has lower mineral 
volume fraction than cortical bone; bones grow from the growth plates near their ends, so the 
cancellous bone material first formed after the midshaft of the bone where the cortical samples were 
taken from. However, Hodgskinson et al. measured the mineral content of cortical bone and 
cancellous bone taken from adjacent sites and still found differences.
222
 It may be impossible to 
deduce if cortical and cancellous bone material‟s mineralisation level would differ when they were 
fully mature but the fact is they are different when measured; these points will be elaborated further 
below. 
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Cortical Bone 
Cortical bone found in the limbs of adult mammals has to be both stiff, and resistant to fracture. 
Studies have shown that its mechanical properties do not vary greatly between species (for example, a 
variety of human, bovine, leopard, brown bear, roe deer, king penguin, polar bear and wallaby limb 
bones have the Young‟s modulus in the range 16.7-22.9 GPa)7 and that it has a composition of 
roughly 65% mineral and 35% organic material/water.
38,224
 However, studies on larger animals have 
shown that within single bones the mechanical properties of the bone material can have measurable 
differences, and that these differences can be dependent on anatomical position. Mechanical and 
ultrasonic studies of elastic moduli and various fracture stresses have been reported for many bone 
samples including human, canine and bovine femora, equine metacarpal bones and bovine tibiae. 
These studies have shown that some mechanical properties of cortical bone have local extrema in the 
midshaft; for example, elastic moduli have a local maximum and decay in both directions along the 
proximodistal axis.
212,225,226,227,228 
In addition to mechanical testing, some of these studies used Archimedes principle and/or gravimetric 
techniques to measure changes in the density, and/or mineral content, of the bone material at different 
points along the length of the bone in question. They found lower densities and lower mineral content 
towards the ends of the diaphyses. Some of these studies ascribed the mechanical property-variations 
to the anisotropic manner in which the osteons are orientated in the bone material and to regional 
micro-structural changes.
226,227
 
The main focus of these studies was the variation of mechanical properties along the cortex and the 
compositional differences were measured as supporting data. However, there have also been 
investigations which focused solely on density variations; Archimedes principle has been employed to 
show the density of the human femoral cortex varied from midshaft to metaphysis,
229
 x-ray techniques 
have been used to study mineral density distributions in the femora of various primates
230
 and 
ultrasound measurements have shown regional changes in human tibia.
231
 Investigators have also used 
x-ray tomographic techniques, chemical and gravimetric analysis of the bone material to show 
gradients of decreasing bone density towards the distal end of rat femoral diaphyses.
232,233  
Recently, a paper has been published which used peripheral quantitative computed tomography to 
examine the structure of the human tibia at different points along its length.
234
 The purpose of the 
study was to look at the adaptation of structure and architecture, to function along a bone‟s long axis, 
they found that the long bone (human tibia) had a complex internal structure, and that its architectural 
design, and thus structural strength, varies profoundly along its length. The results showed that the 
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cortical mineral content and cortical thickness were largest near middle of the bone and decayed in 
both directions along the long axis, they stated “the tibia anatomy is closely adapted to the mechanical 
requirements derived from the different stress patterns to which every bone region is subjected by 
body weight-bearing and customary mechanical usage of the bone […] regardless of the gender and 
anthropometric characteristics of the individual”. In the present study, the density of the bone material 
at different points is also probed with peripheral Quantitative Computed Tomography (pQCT) and the 
results are very similar to those published in the tibia-architecture study. However, in this study, the 
chemical composition of the material along the major axes of long bones is also probed (using Raman 
spectroscopy) and the possible adaptation of the bone material composition to its function is 
discussed. 
Relevant Raman Studies 
As mentioned in the literature review chapter above (pg 52), Raman spectroscopic techniques have 
been used to spatially map chemical changes in bones in a number of different studies; they include 
studies of undamaged, strained, and failed regions of bone, developing murine skulls and across 
individual osteons.
116,134,142
 Raman spectroscopy has also been used to study variation within the 
cortices of individual bones; a study looking the mechanical property variation between anterior and 
posterior quadrants of a murine femur found that the Raman spectra between the two did not vary but 
that the orientation of the collagen fibrils did,
235
 other studies looked at the mechanical-property and 
Raman-spectral differences between newly formed bone near the periosteum and older bone at greater 
distances
61
 and the differences between cubes of metaphyseal bone and diaphyseal bone. These 
studies typically mapped smaller areas than those in the study reported here. Raman tomographic 
imaging of large, intact sections of a canine limb bone has also been reported; but to the best of our 
knowledge variations at the macroscopic scale, along the proximodistal axis has not.
175
 
5.2 Materials and Methods 
Bone Samples 
The long bones probed in this study were cannon (third metacarpal) bones from the cadavers of  
skeletally mature (6-12 years old) thoroughbred racehorses (Equus callabus), and femurs from the 
cadavers of a skeletally mature (approximately 5-6 years old) Welsh Mule domestic sheep (Ovis 
aries). Some of the bones (with their soft tissue and periosteum removed) were divided along their 
proximodistal axes (metacarpal bone – sagittal plane, femur – coronal plane) exposing the whole 
length of the cortex for the spectroscopic examination (shown in Figure 5.1 and Figure 5.2). The 
samples were frozen after being excised and stored in a freezer (253 K) when not being used. 
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Figure 5.1 Equine metacarpal bone divided along sagittal plane. 
 
 
Figure 5.2 Ovine femur divided along coronal plane. 
 
Raman Data Collection 
The Raman instrument used to record the spectra was described in Chapter Three. The beam, with a 
1.2 mm diameter at the sample, was directed onto the point on the cortex which was to be probed. 
That such a large illumination point was used, along with the fact that a large number of spectra taken 
at many different points, help reduce the Raman signal variation due solely to the heterogeneity of the 
bone material at the micro-scale. The spectrum collection process was automated by loading the bones 
on a motorised translation stage, which was controlled by Labview software (using a program that 
was written in house). The control software acquired a Raman spectrum, moved the stage by 1 mm, 
took another spectrum and repeated this process over a specified distance. Each Raman spectrum was 
collected with a 30 s acquisition time (30 x 1 s accumulations). 
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X-ray Measurements 
The pQCT data were obtained with an XCT 3000 scanner, (Stratec, Pforzheim, Germany) with the 
cortical density threshold set at 700 mg cm
-3
. The bone sections were placed in the sample holder and 
the density was recorded at 1 cm intervals along their lengths from the proximal end (starting from 
where the cortex became discernable). 
Data Processing 
The raw Raman spectra had broad fluorescence backgrounds which were removed using the 
polynomial fitting routine described above (pg 77).
185
 The band heights were determined by averaging 
a number of pixels across the band and different bands were compared by calculating the ratio of the 
two heights. In order to make the trend plots, the average value of the measurement was obtained (e.g. 
the average value of proline/phosphate ν2), all the values recorded were then divided by this average 
(this normalised to measurements to one), and these numbers were then multiplied by 100 to give a 
percentage. The trend plots were smoothed with the use of rolling averages (each data point is the 
average of a spectrum and three neighbours on either side). 
5.3 Results 
Equine Metacarpus 
Spectra comparing the diaphysis and metaphysis of the horse metacarpal bone are shown in Figure 
5.3. The spectra are very similar and differences cannot be discerned easily by visual inspection. 
However, the inset plots of the proline and amide II regions show that there are measurable 
differences between the two spectra. 
 
Figure 5.3 Spectra of equine mid-diaphysis metacarpal bone (red) and distal metaphysis bone 
(black). 
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Figure 5.4 shows the systematic changes in the mineral to collagen ratio that were measured along the 
equine metacarpal cortices. The data points represent the spectra which were taken at one millimetre 
intervals along the exposed anterior surface. It can be seen that the bone material has a fairly steady 
proportion of mineral along most of the length of the diaphysis and the proportion of mineral 
decreases towards the metaphyses. Figure 5.5 shows a similar plot of mineral to collagen ratio for the 
cut surface (exposed cortex) of the same metacarpal bone; this plot shows the amide III/ν2 phosphate 
(symmetric stretch at ~450 cm
-1
) band ratio. As discussed above (Raman Studies of Bone 
Microstructure - pg 60), the amide III/ν2 phosphate is a good measure of composition (as opposed to, 
for instance, the amide I/ν1
 
phosphate band ratio which is sensitive to polarisation and orientation 
effects).
150
 The bone was moved along in the straight line by the mechanical stage, this in effect meant 
the laser „walked‟ a straight line along the cortex. The straight line scan and the fact that metacarpal 
cortices have a varying thickness along their length created the jagged pattern along the diaphysis as 
the laser moved between the endosteal and periosteal surfaces. 
 
Figure 5.4 Relative proportion of collagen to mineral along the length of the equine metacarpal 
bone. The measurements were taken along the anterior surface. 
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Figure 5.5 Relative proportion of collagen to mineral along the length of the equine metacarpal 
bone measured with the polarisation and orientation insensitive amide III/ν2 phosphate band 
ratio. 
 
The proline band near 860 cm
-1
 does not overlap with any other major/relevant band and is relatively 
insensitive to changes in the collagen secondary structure,
92
 for these reasons a plot of 
proline/ν2 phosphate band ratio is presented in Figure 5.6. The trend is similar to the previous graphs 
with a decreasing proportion of mineral towards the ends of the bone. 
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Figure 5.6 Relative proportion of collagen to mineral along the length of the equine metacarpal 
bone. Measured by comparing the structure-insensitive proline band with the polarisation-
insensitive ν2 phosphate band. 
 
Raman data from the exposed anterior surfaces of three more equine metacarpal bones are shown in 
Figure 5.7. For each of these samples, only one metaphysis was probed. As before each data point 
represents a whole spectrum and the measurements were taken at one millimetre intervals along the 
proximodistal axis. Again there are differences in the mineral to collagen ratio between the (proximal) 
metaphyses and diaphyses; the bone material has a fairly steady proportion of mineral along most of 
the length of the diaphysis with a decreasing proportion of mineral towards the proximal metaphysis. 
 
Figure 5.7 The difference in mineral to collagen ratio between the proximal metaphysis and the 
diaphysis for the third metacarpal bone of three thoroughbred racehorses. 
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The pQCT measurements taken along the proximodistal axis of an equine metacarpal bone are shown 
in Figure 5.8. The volumetric density (as measured with the pQCT instrument) plateaus along most of 
the length of the diaphysis and decreases towards the metaphysis. The density changes occur at 
similar anatomical regions to the compositional changes (Raman collagen/mineral ratio - which are 
inverted to aid comparison). 
 
Figure 5.8 the volumetric density (red line and red scale) decays occur towards the ends of the 
equine metacarpal bone diaphysis. The trend is similar to the Raman spectroscopic 
(collagen/mineral ratio) measurements (blue line and blue axis). 
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Ovine Femur 
The proline/phosphate ν1 ratio measured along the lateral surface of the ovine femoral cortex is shown 
in Figure 5.9, it shows similar trends to the equine metacarpal bone, with the maximum mineral 
content being found towards the middle of the diaphysis and the mineral content decreasing as 
towards the ends of the bone. The proline/phosphate ν1 ratio measured along the cut edge of the cortex 
is shown in Figure 5.10, as was the case with equine metacarpal bone the jagged pattern along the 
diaphysis is the result of the laser „walking‟ in a straight line between the endosteal and periosteal 
surfaces. The pQCT measurements are shown in Figure 5.11. The density plateaus along most of the 
length of the diaphyses and decreases towards the ends. Again, the density changes occur at similar 
anatomical regions to the compositional changes (Raman collagen/mineral ratio). 
 
Figure 5.9 Relative proportion of collagen to mineral along the length of the ovine femur. The 
measurements were taken along the lateral surface of the bone. 
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Figure 5.10 Relative proportion of collagen to mineral along the length of an ovine femoral cortex. 
Measured by comparing the structure-insensitive proline band with the dominant ν1 phosphate 
band. 
 
 
Figure 5.11 The volumetric density (red line and red scale) decays occur towards the ends of the 
ovine femur diaphysis; in a similar manner to the Raman (collagen/mineral) variation (blue line 
and blue axis). 
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Similar compositional trends have been measured for other long bones (e.g. the cervine (red deer) 
metacarpal bone shown in Figure 5.12), however less spectra and shorter accumulation times were 
collected and the data needs to be repeated. Further work will be needed to reproduce the trend-plots 
above for more long bones and from more species. 
 
Figure 5.12 Raman measurement along the proximodistal axis of a Cervine metacarpal bone, the 
proximal metaphysis has a lower mineral to collagen ratio than the diaphysis. 
 
5.4 Discussion 
The bone material which comprises the cortices of long bones is not a uniform material. Its 
mineral/matrix ratio, as measured with Raman spectroscopy changes as a function of position along 
the proximodistal axis. The volumetric mineral density (as measured with pQCT) also shows 
distinguishable changes along the length of the bone, decreasing at the ends of the cortex; this is in 
agreement with earlier studies.
 212, 225, 226, 227, 228, 229, 230, 231, 232, 233
 It was noted above, that some previous 
studies have ascribed the variation along the proximodistal axis to the anisotropic manner in which the 
osteons or collagen fibres are orientated at different points (bone material‟s mechanical 
properties
226, 227
 & Raman spectral properties
151
). However, the instrument used to record the data 
presented here was relatively insensitive to polarisation effects (no polarizer, large spot size, use of 
optical fibres, low numerical aperture
154
), the Raman bands were specifically chosen to measure 
composition
150
 and the pQCT measurements should not have been affected by collagen fibre 
orientation. When added to previous gravimetric studies, such as those reported by Kim and Walsh,
227
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the most obvious conclusion is that at least some of the variation in the mechanical properties of the 
bone material along the proximodistal axis are due to a variation in the level of mineralisation. 
Bones grow from the growth plates at each end, bone material which is furthest from a growth plate 
has (if we neglect remodelling for the present) existed longest. Hence, this bone has had longer to 
mature and should have reached a later stage of mineralisation. These bone material-age differences 
have been used to explain findings from an x-ray tomographic study of mineralisation gradients in the 
femora of 6-9 week old rats
233
 and a Raman study which showed differences between metaphyseal 
bone and diaphyseal bone from the femora of 2-12 week old mice.
151
 However, the investigators in 
the x-ray study discounted this explanation for density variations seen in bones which undergo 
continual remodelling; in these bones the proximal end of bones and bones from older subjects may 
not necessarily be made of older bone. This caveat is relevant to the data presented here; the bones 
were from skeletally mature specimens (sheep 5-6 years old, horses 6-12 years old) and from animals 
which are known to undergo remodelling. 
The other factor which affects the age of bone material is remodelling; if more remodelling were to 
occur near the ends of long bones, the bone material there would on average, be younger than the mid-
diaphysis bone (and the associated resorption cavities would also contribute to lowering the density). 
Marotti and others have shown that for some animals, it is certainly the case that more remodelling 
occurs towards the ends of long bones.
236
 In the cited study, skeletons of stray dogs were collected 
and various long bones (metacarpal bone, metatarsal bone, femur, ulna, rib, etc) were sectioned and 
histologically examined. There were more secondary osteons per unit area near the ends of the bones 
than nearer the midshaft. Figure 5.13 and Figure 5.14 show micrographs of sections cut from the 
midshaft and metaphysis of the ovine femur cortex from which the data were obtained; the images 
show no glaring disparity in the number of resorption cavities present i.e. there are no large cavities in 
either of the 4 mm
2
 boxes. More work is needed to rigorously quantify histological differences along 
the length of the bone. 
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Figure 5.13 A 150 μm thick transverse section of cortex from the mid-diaphysis of an ovine femur, 
it was cut with a Leica SP 1600 Saw Microtome and stained with Paragon. The scale bar is 2 mm 
and the box has an area of ~4 mm2.  
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Figure 5.14 A 150 μm thick transverse section of cortex from the mid-diaphysis of an ovine femur, 
it was cut with a Leica SP 1600 Saw Microtome and stained with Paragon. The scale bar is 2 mm 
and the box has an area of ~4 mm2. 
 
Thus, there are at least two ways the observed variation in chemical composition, density and 
mechanical properties along the proximodistal axis of long bones can be explained by differences in 
the age of the bone material. There are also other factors which are not related to the age of the bone 
material and which may partly explain the trends. For example, it could be that the trends are an 
adaptation to mechanical loading. In the case of the human femur (a bone which does undergo 
remodelling) it has long been proposed that the density patterns are a structural feature of 
developmental origin, with density increasing where the greatest load is applied.
229 
Les et al., looking 
at the distribution of material properties in equine metacarpal bones, stated that the variation served to 
enhance and modulate sagittal bending. They stated that they were unable to address whether the 
proximodistal variation was “the result of adaptation to applied loads or [was] genetically determined, 
independent of exercise regimes”.212 
The latter possibility, that the mechanical properties of cortical bone vary at different points because 
they are adapted through evolution to cope with different forces is interesting to consider. Long bones 
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experience different forces at different regions and their shapes are adapted through evolution to 
withstand the loads without experiencing too much strain (stiffness) or without breaking (toughness). 
It may be that, where the bending stresses are highest, near the mid-shaft, stiff material (highest 
mineral/collagen ratio) is needed to resist deformation (and thus reduce strain). Where loads are 
transferred from one bone to the next and cartilage must be protected from destructive forces, it would 
be the more desirable for both the cortical bone material and the cancellous bone material to be pliant 
and to absorb energy (toughness); bone materials would need to be less mineralised (i.e. have a lower 
mineral/collagen ratio) in order to have these properties. A tapered transition from the stiffer 
(midshaft) bone to the less stiff bone (near the ends) would mean that there would be no sharp 
interfaces between materials of very different Young‟s modulus and thus no large stress 
discontinuities.  
If the gradual compositional trends were disrupted, by disease perhaps, it would affect the bone‟s 
performance, for example, stiffer „midshaft bone‟ located nearer the shaft‟s end could lead to 
destructive forces being transmitted to the cartilage/joint each time the bone were loaded. In other 
situations where the whole bone adapted to new loading conditions, e.g. muscle wastage, the regional 
mineralisation pattern could possibly change too. If the bone material became highly mineralised in 
some regions in order to alter localised strains, those regions could suffer reduced toughness and thus 
become more susceptible to microcracks and/or fracture. These ideas are expanded in the general 
discussion below. 
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5.5 Conclusions from Chapter Five 
The bone material found at the ends of the long bones has a lower density and different mechanical 
properties to that found near mid-shaft. Its mineral to collagen ratio, as measured with Raman 
spectroscopy, is not the same either. Raman analyses of ovine femur bone, and of the equine 
metacarpal bone, show mineral to collagen ratio-variations occurring in the same anatomical regions 
as the lower density. The variations may be due to the bone material being less than fully mineralised 
(i.e. younger bone material) because it is nearer to the growth plate or because more remodelling 
occurs near the ends of long bones. It could also be that the bone material near the ends of the shaft 
has adapted to the loads placed on it during life, or it could be that the cortical bone material has been 
adapted through evolution to have different mechanical properties in certain anatomical areas. If this 
final explanation is true, if the metaphyseal bone material would never reach the level of 
mineralisation of diaphyseal bone, then it is adapted to mechanical function in a similar manner to the 
antler bone material and a tympanic bulla material of the previous chapter but the adaptations that are 
occurring are less pronounced and occur in more localised regions. 
Whatever the reason, the bone material near the ends of the long bones has lower mineral to collagen 
ratio (as measured by Raman) and has different mechanical properties (as reported in the cited 
literature). These findings affect the central thesis that the mechanical properties of bone material 
adapted in differently loaded regions by a subtle tuning of the collagen chemistry which controls the 
mineral to collagen ratio. It was already shown in Chapter Four how Raman spectroscopy can be used 
to study this adaptation of bone material mechanical properties, it has now been shown that it can be 
used to study localised differences within bone organs. The next question to look at is: 
 Is mechanical property tuning controlled by the collagen chemistry? 
The mechanisms controlling the mineral to collagen ratio of bone material are poorly understood. If it 
were that some aspect of the collagen chemistry is causing the variation in mineralisation, and thus 
the materials mechanical properties, some evidence for it could be present in Raman spectra (since 
chemical information can be obtained from both the collagen and mineral phases). The next chapter 
will be concerned with this collagen chemistry and with the mineralisation mechanisms. 
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6. What Factors Might Determine the Ratio of Mineral/Collagen? 
6.1 Introduction 
It has been discussed in previous chapters how the mechanical properties of bone material can vary 
considerably as a function of mineralisation and can be sensitive to even small variations.
198,216,237
 It 
has also been stated that nature varies the level of mineralisation to create bone material that is suited 
to its particular function. However, the mechanisms that control the level of mineralisation are not 
understood. This chapter explores the hypothesis that the bone mineral volume fraction is guided by 
some feature of the collagen chemistry and this chemistry can be elucidated with Raman 
spectroscopy. In order to probe the collagen chemistry the amide I band is closely analysed (this band 
is especially sensitive to collagen secondary structure).
92
 The elucidation of the control mechanism, 
apart from being interesting from a biochemical point of view, could provide therapeutic targets for 
the management of bone conditions i.e. enabling the control of bone material‟s mechanical properties. 
The starting point for the investigation is the inspection of the Raman collagen band profiles from 
bone materials that have been adapted through evolution to perform different functions in different 
species. In order to investigate whether similar collagen chemistry changes are ubiquitous whenever 
nature must tune the mechanical properties of bone (i.e. whenever the collagen to mineral ratio is 
adapted) and to demonstrate the differences were not related to genetic differences between species, 
the study was extended to different samples of functionally adapted bone material from a single 
individual (a 1 year old red deer stag). It was shown in the previous chapter that cortical diaphyseal 
bone has larger mineral to collagen ratio than metaphyseal bone, it was also discussed how this may 
be an adaptation to deal with different loading regimes analogous the functional adaptation at the 
skeleton level. In order to investigate if the compositional difference along the proximodistal axis is 
mediated by collagen chemistry the amide I band profiles of an equine metacarpal bone were 
analysed. 
A second series of experiments were performed using cortical bone material from different strains of 
chickens, broilers and layers. Broilers and layers have different phenotypes, broilers are larger than 
layers and have denser bones; they are bred for their meat whereas layers are bred to lay eggs. Raman 
analysis was performed in order to investigate if the differences in bone mineral density had an 
associated difference in collagen chemistry. 
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6.2 Materials and Methods 
Bone Samples 
Functionally Adapted Bones 
The first sample-set used in this study comprised the functionally adapted bone materials from 
different species which were discussed in from Chapter Four above: antler (from a red deer – 
Cervus elaphus), „standard‟ bone material from the femur of a sheep (it was from the mid diaphysis of 
the femur of a skeletally mature Welsh Mule domestic sheep - Ovis aries) and the highly mineralised 
tympanic bulla bone material (from a Fin Whale - Balaenoptera physalus), metacarpal bone from a 
thoroughbred racehorse (Equus callabus), both the dentine and cementum from the tusk (incisor 
tooth) of a narwhal (Monodon monoceros) and rostrum bone from the skull of a Beaked Whale 
(Mesoplodon densirostris). There was one sample (n=1) of each. 
In order to test the hypothesis that amide I band profile differences are due to species variation rather 
than functional adaption, three types of bony material from an individual (n=1) red deer were 
analysed. They were antler bone, standard (metacarpal) bone and highly mineralised tympanic part of 
the skull from a one year old red deer stag (Cervus elaphus). The density of these three types of bone 
materials were measured with the pQCT instrument and found to be 864 mg cm
-3
, 1318 mg cm
-3
 & 
1568 mg cm
-3 
respectively. A thorough inspection of amide I regions of the spectra discussed in the 
Chapter Five (the spectra taken from different points along the proximodistal axes) was also 
undertaken. 
Chicken Bones 
The first set of chicken bones probed comprised 12 chicken humeri; 7 from broiler chickens and 5 
from layer chickens. The broilers all came from came from the same batch on a single farm and were 
slaughtered together. The layers all came from came from the same batch on a different farm and 
were slaughtered together. The average density of the broiler-humeri bone material (measured with 
the pQCT machine) was 1323.3 ± 26.2 mg cm
-3
 and the average layer-humeri bone material was 
1066.2 ± 40.2 mg cm
-3
.
XVIII
 
                                                     
XVIII
 The density values are averages ± standard deviations. The density difference between the broiler-bones 
and layer-bones are statistically significant to a 95% confidence level. 
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The other sample set was 20 chicken tibiotarsi bones (n = 10 broilers and n = 10 layers). The broilers 
all came from came from the same batch on a single farm and were slaughtered at the same time. The 
layers all came from came from the same batch on a different farm and were slaughtered together. 
The average density of the broiler-tibiotarsi bone material was 1286.4 ± 52.8 mg cm
-3
 and the average 
density of the layer-bone material 1222.2 ± 42.0 mg cm
-3
. 
Data Collection/Processing 
The spectra were recorded for 60 x 1 s exposures (60 s) using the Raman instrument described in 
Chapter Three. The fluorescence backgrounds of the amide I bands were removed using the Lieber
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method described above (1585 cm
-1
 - 1730 cm
-1
, 2
nd
 order polynomial). It was shown in Chapter Four 
that the collagen bands of the different bone materials have different intensities, hence it was 
necessary to normalise the collagen bands to discern profile differences. The amide I bands were 
normalised by setting the height of the first peak (from approx. 1620 cm
-1 
- 1660 cm
-1
) to 1. This 
normalisation method meant the heights and the relative positions of the bands were changed but the 
profiles were not. 
For some of the highly mineralised samples (in the first two sets), the collagen bands were very weak 
and so when they were normalised they were very noisy. These spectra were smoothed using the 
Savitzky-Golay filtering function in OriginPro 8 (OriginLab, Northampton, Massachusetts, U.S.A.). 
The Savitzky-Golay filter performed a local polynomial regression (of degree 2) and determined the 
smoothed value for each data point. All other specimens had easily measurable collagen bands which 
did not require smoothing. 
6.3 Results 
Functionally Adapted Bones 
The amide I bands of the functionally adapted bone material from the different species are shown in 
Figure 6.1. The red spectra from the standard bone materials (ovine femur and equine metacarpal 
bone) show the profile of a standard amide I band which is well known from the literature.  
The data show that the amide I band comprises three distinct peaks and that the relative ratio of the 
three peaks change along with the level ratio of mineral to collagen. The change is consistent, with the 
central peak much reduced for the highly mineralised bone, increasing for the standard bone and most 
intense for the less mineralised bony materials. If the normalisation method used was such that middle 
peaks were set to be equal then a similar, albeit more visually awkward, trend would be seen, with the 
intensity of the two outer peaks increasing with mineralisation. 
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Figure 6.1 The amide I Band; samples are (middle peak - from top) Narwhal Cementum, Narwhal 
Dentin, Red Deer Antler, Ovine Femur, Equine Metacarpal Bone, Fin Whale Tympanic Bulla and 
Porpoise Periotic Bone/Beaked Whale Rostrum (same height). 
 
The Raman spectra of antler, metacarpal bone and periotic bone from a one year old red deer are 
shown in Figure 6.2. The spectra are normalised to the dominant phosphate band and the relative 
intensity of the collagen bands can be seen to vary. The amide I regions of the three spectra are shown 
in Figure 6.3, as before the amide I band comprises three distinct peaks and the profile of the band 
changes along with the level ratio of mineral to collagen. Again, the change is consistent, with the 
shoulders of the central peak most much reduced for the highly mineralised bone and most intense for 
the least mineralised antler bone. 
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Figure 6.2 Bony materials with widely varying levels of mineralisation from an individual red 
deer. 
 
 
Figure 6.3 Shape of the amide I band shows subtle changes with the shoulders of the middle peak 
decreasing in relative intensity with increasing mineralisation (i.e. from periotic bone, to standard 
metacarpal bone, to antler bone). 
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Figure 6.4 is very similar to Figure 5.3 from Chapter Five; spectrum 1 is from the metaphysis and 
spectrum 5 is from near the middle of the diaphysis, these particular spectra were chosen because they 
lay on trend line in Figure 5.3, spectrum 1 lay on the part with large slope (1 cm from the start) and 
spectrum 5 (5 cm from the start) lay on the flat part of the trend line. Thus they illustrate the 
difference in the mineral to collagen ratio between metaphysis and diaphysis but are not extreme data 
points (outliers). The difference in bone material density at these two points is ~120 mg cm
-3
, about 
half the difference between broiler humeri/layer humeri or between red deer standard bone/red deer 
periotic bone (~250 mg cm
-3
). 
 
The amide I band at the two points is shown in Figure 6.5, they are 
almost identical. 
 
Figure 6.4 Spectra from the diaphysis and metaphysis of the equine metacarpal bone. 
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Figure 6.5 The amide I bands of metaphyseal and diaphyseal bone from an equine metacarpal 
bone. 
 
Broiler and Layer Chickens  
The Raman spectra of the 7 broiler humeri and the 5 layer humeri are shown in Figure 6.6 (a) and the 
average spectra are shown in Figure 6.6 (b). The average mineral to collagen ratio (ν1 phosphate to 
~900 cm
-1
 proline/hydroxyproline) is only slightly larger for the broiler compared to the layers (32 ± 2 
versus 29 ± 3, P < 0.05) even though the average density difference (~250 mg cm
-3
) is almost identical 
to the different between the standard metacarpal bone and the periotic bone in the red deer 
(~250 mg cm
-3
). The amide I bands of the broiler and layer humeri are shown in Figure 6.7, the 
profiles of the bands are almost identical. 
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Figure 6.6 (a) on the left shows the spectra all of the broiler humeri and all the layer humeri. Figure 
6.6 (b) on the right shows the average of the broiler humeri and the average of the layer humeri. 
The stand out difference between the Raman spectral profile of the broiler humeri and the Raman 
spectral profile of the layer humeri occurs near the phosphate band at ~445 cm-1, the symmetric 
bending (ν2). 
 
 
Figure 6.7 shows that the average broiler-humeri amide I band and the average layer-humeri 
amide I band have almost identical profiles. 
 
The Raman spectra of the 10 broiler tibiotarsi and the 10 layer tibiotarsi are shown in Figure 6.8 (a), 
the average broiler tibiotarsus spectrum and average layer tibiotarsus is shown in Figure 6.8 (b). The 
spectra do not show any major differences, there is no statistical difference between the average 
mineral to collagen band (ν1 phosphate to ~900 cm
-1
 proline/hydroxyproline) ratios (28 ± 3 versus 
29 ± 3). It can be seen in Figure 6.9 that the average broiler tibiotarsus amide I band and the average 
layer tibiotarsus amide I band are almost identical.  
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Figure 6.8 (a) on the left shows the spectra all of the broiler tibiotarsi and all the layer tibiotarsi. 
Figure 6.8 (b) on the right shows the average of the broiler tibiotarsi and the average of the layer 
tibiotarsi. 
 
 
Figure 6.9 shows that the average broiler-tibiotarsus amide I band and the average layer-tibiotarsus 
amide I band have almost identical profiles. 
 
6.4 Discussion 
Functionally Adapted Bones 
The spectral profile of the amide I band is dramatically different in the extreme bone materials which 
have been adapted through evolution to perform different functions. The intensity ratios of the three 
peaks which comprise the band vary in a systematic way; the relative intensity of the middle peak 
decreases with increasing mineralisation. It has long been hypothesized in the IR absorption 
spectroscopy literature (Lazarev et al. - Ref. 238) that the three distinct peaks in the amide I band of 
collagen are the vibrations of carbonyl stretches in three slightly different chemical environments, 
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namely three environments along each polytripeptides chains with the period „Gly-X-Y‟ (Figure 6.10 
and Figure 6.11). The intensity of the O1, O2 and O3 carbonyl-stretches will be affected by their local 
chemical environment, i.e. by the character of X and Y. The amide I Raman bands in Figure 6.1 also 
comprise three distinct peaks and it can be hypothesized that the relative intensity differences are 
caused by the nature of X and Y. 
 
Figure 6.10. Schematic diagram of the three chemical environments of the carbonyl groups in a 
polytripeptide chain. 
 
 
Figure 6.11 shows the components of the amide I band of native collagen from rat skin as 
described in Lazarev et al. (1985).238 
 
The amide I band differences (Figure 6.3) measured for the functionally adapted bone materials from 
the red deer were not as pronounced as those for the extreme bones (Figure 6.1). The profiles did vary 
in a systematic way with the relative intensity of the shoulders on the middle peak decreasing with 
increasing mineralisation. Further analyses of the bands have suggested that this relative change may 
be caused by a relative variation in the intensity/width of the O1 band. Again, the intensity of the O1, 
O2 and O3 carbonyl-stretches will be affected by their local chemical environment, i.e. by the 
character of X and Y (Figure 6.10. and Figure 6.11). 
No differences in the amide I band profile were measured between the metaphyseal and diaphyseal 
bone (Figure 6.5) from the equine metacarpus. As was shown in Chapter Five, the mineral to collagen 
ratio and the density do vary along the metacarpal cortex (a differing cortical thickness should not 
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cause a density differences when a pQCT instrument is used). It is possible that the varying 
mineralisation along the cortex is associated with variation in collagen chemistry but that the 
differences are smaller than those in the functionally adapted bone materials (e.g. the density 
difference was ~120 mg cm
-3
 as opposed to ~250 mg cm
-3
 for the difference between red deer 
standard bone/periotic bone) and the Raman measurements were not sensitive enough to pick them 
up. 
Broiler and Layer Chickens  
The amide I bands of the broiler-humeri and the layer humeri did not show profile changes (Figure 
6.7). They also have very similar ν1 phosphate to ~900 cm
-1
 proline/hydroxyproline ratios (32 ± 2 
versus 29 ± 3, P < 0.05) even though pQCT readings suggest they have different densities (the density 
difference between the layer humeri and the broiler humeri was of the same order as the difference 
between the functionally adapted deer bone material, ~250 mg cm
-3
). The amide I bands of the 
broiler-tibiotarsi and the layer tibiotarsi did not show profile changes either (Figure 6.9) though this 
was not surprise since their mineral to collagen ratios were almost identical and their density 
difference between the sample sets was not as large (~60 mg cm
-3
). These results from the 
phenotypically different strains of chicken are hard to reconcile; if the layers and broilers had the 
same level of mineralisation (Figure 6.6 (a) & (b), Figure 6.8 (a) & (b)) and if they do not have large 
differences in the number of resorption cavities (Micrographs - Figure 6.12) then where does the 
density difference come from? 
 
Figure 6.12 Transverse sections (150 μm thick) cut from cortices of a broiler-tibiotarsus (left) and 
layer-tibiotarsus (right). They were sectioned with a Leica SP 1600 Saw Microtome and stained 
with Paragon. 
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If a projection x-ray radiation technique had been used to measure the density, one could hypothesize 
that the different cortical thicknesses (Figure 6.12) caused a spurious density reading but this should 
not be the case with a pQCT instrument. Perhaps the Raman spectral profile differences that were 
measured between the broiler humeri and the layer humeri near the 445 cm
-1 
phosphate band indicate 
that there is chemical difference in the mineral phase of the bone material in the two strains. Another 
possibility is that the mineralised collagen fibrils are identical in both strains (identical Raman mineral 
to collagen ratios) but they are packed more closely together in the broilers and hence the density of 
their bone material is higher. 
These data show that for the large differences in mineral to collagen ratio in the functionally adapted 
bone materials there is an associated difference in the collagen chemistry (amide I profile changes) 
though they do not prove that the mineralisation differences are caused by the collagen. Though the 
spectra do contain information about what the profile change means at the molecular level (Figure 
6.10 & Figure 6.11), chemical analysis of the collagen from the different bone samples will be needed 
to confirm what the profile changes actually mean at the molecular level. Further research will be 
needed to determine if they are related to the chemical mechanism which controls the bone mineral 
fraction. If it is the case that the mineralisation of bone material, and thus its mechanical properties, 
are controlled by aspects of the collagen chemistry they will offer new targets for pharmaceutical 
research. 
6.5 Conclusions from Chapter Six 
The collagen chemistry is different in bone materials which have been adapted through evolution to 
perform different functions. The collagen chemistry in standard bone samples which have very 
different densities may or may not have different collagen chemistry, the Raman measurements 
presented here did not measure it. What the amide I band profile changes mean at the molecular level 
will be looked at in future work. 
The central thesis is concerned with the collagen mediated adaptation of the mechanical properties of 
bone material at differently loaded regions (through the tuning of the mineral to collagen ratio); the 
data presented here did not prove that aspects of the collagen chemistry cause the bone mineral 
volume fraction to vary but they did show that the collagen has some chemical difference in bone 
materials adapted for different functions. These points will be discussed further in the next chapter. 
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7. General Discussion & Future Work 
7.1 General Discussion 
“Clearly then if one wishes to maintain in a great giant the same proportion of limb as that found in 
an ordinary man he must either find a harder and stronger material for making the bone, or he must 
admit a diminution of strength in comparison with men of medium stature…” 
Galileo Galilei
1
 
This thesis explored whether the mechanical properties of bone material are adapted in differently 
loaded regions by subtle tuning of the collagen chemistry by looking at three related hypotheses. The 
work led to the findings that Raman spectral features of bone material correlate with mechanical 
properties over a wide range of mineralisation (the mechanical-property data was from the literature). 
That the same spectral features vary in a systematic way within equine metacarpal bones and ovine 
femora, and that large differences in mineralisation are associated with changes in collagen chemistry. 
Some points related to the experimental methodology will be considered before the results are 
discussed. 
Methodology 
It is well known that the mechanical properties of bony materials are mostly explained by the weight 
ratio of mineral component to organic component.
7
 It has been described above (pg 40 & pg 58) how 
selectively damaging the organic phase of the bone, and not the mineral phase, has a deleterious effect 
on its mechanical properties.
78,79
 Raman spectroscopy can be used to measure the mineral/collagen 
ratio and inspect the state of the collagen non-destructively. It has advantages over many other 
analytical techniques in that it needs little sample preparation, can be used in the presence of water 
and uses non-ionizing radiation. The Raman instrument used for this thesis was well suited to the 
study of bone; the wavelength of the light was short enough to get useable Raman signal (intensity of 
Raman signal is proportional to the frequency of the scattered light to the power four) but not so short 
that the Raman signal was totally dominated by fluorescence (shorter wavelengths, higher energy and 
more likely to bridge electronic energy gap). The detection system also worked well; usable spectra 
could be obtained after tens of second‟s accumulation. 
The fluorescence background was removed from each spectrum using semi-automated software; the 
experimentalist had to choose the parameters of the polynomial curve that was to be subtracted. This 
adding of subjective values into the experimental method was not ideal but no perfect methods for 
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removing fluorescence yet exist and the Lieber method is widely used (the paper introducing it has 
been cited 120 times since 2003).
185
 
The data in Chapter Four showed a relationship between Raman spectra and the functionally adapted 
mechanical properties for a bone samples from a range of species. Though the relationship was strong 
(r
2
 = 0.93) and statistically significant (p = 0.0004) it would have been interesting to probe a larger 
number of extreme samples if they were available. 
Chapter Five reported systematic changes in cortex composition along the length of two different long 
bones. The trends along each bone were illustrated with pQCT scans and hundreds of Raman spectra. 
When added to the large body of literature reporting mechanical property and density changes along 
long bones in a large number of long bones (including human, canine and bovine femora, human and 
bovine tibiae, and equine metacarpal) the evidence indicates that the phenomenon may be universal. 
New equipment with a large moving sample stage has recently been obtained at our laboratory; it 
enables the quick collection of many Raman spectra along the proximodistal axes of bones and will 
allow this question to be investigated further. 
The more subtle amide I band profile changes that were the subject of Chapter Six show that the 
molecular environment of the carbonyl stretches is different for collagen chains in eight functionally 
adapted bones with very different levels of mineralisation. The amide I band profiles were also very 
different in the functionally adapted bone from the red deer stag although this experiments will need 
to be repeated for more stag specimens. The experiments showed that at the level of sensitivity of 
Raman spectroscopy, the chicken bones with very different densities are chemically identical; further 
work with different experiment modalities will be needed to investigate these samples. 
Data 
Raman Spectroscopy as a Measure of Mechanical Properties 
In Chapter Five, it was stated that the Young‟s modulus of cortical bone from the limbs of fully grown 
mammals has a range of 16.7-22.9.
7
 If we suppose that the correlation equation from Figure 4.3 holds 
for bone material in this range, then (for bones with Young‟s modulus of 17 and 22) the 
phosphate ν1/amide I ratio can be calculated to be ~12 (Raman ratio 27.5 and 39.5 respectively). This 
Raman ratio difference is comparable to that between deer antler and ovine femur and should be 
measurable. This is important because for bone material Young‟s modulus is highly correlated with 
strength and a Young‟s modulus difference of that order (17 and 22) indicates a bending strength 
increase of 26% (188 and 237 MPa).
239
 This is especially significant because Raman spectroscopy has 
the potential to be developed as a safe, non-invasive technique for use in vivo (Chapter Two); in vivo 
mineral to collagen measurements with < 4% relative error have already been reported (Ref. 172). 
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Regional Mineral to Collagen Variation 
At the very beginning of this thesis it was stated that “the factors which determine whether the bones 
can fulfil these demands, and withstand the forces put on them, can be divided into two broad 
categories; structural/architectural properties and material properties.” In reality, the properties of the 
bone material influence the architecture of the bone: e.g. the cortex of an equine metacarpal bone 
would be thinner if it could be composed of a material that was both tougher and stiffer (analogous to 
the way the properties of metals determine the thicknesses of aircraft fuselages). An example of whole 
bone structure compensating for material-level mechanical properties has been well documented in 
the case of young California gulls.
240
 Whilst the gulls grow and the bone material comprising their 
legs and wings matures (increases in stiffness and bending strength) the shape of their bones adapt to 
compensate. Throughout their development, the gull‟s legs (which are used from birth) have much 
larger cross-sectional areas than their wings (which are not used until the gulls are fully grown and 
ready to fly). The gull‟s wing bones grow in diameter very quickly just before they start flying. 
A possible example of the influence working the opposite way, of anatomical structure influencing the 
composition of bone material was described in Chapter Five. It was hypothesized that the structure of 
a horse‟s foot could mean it is desirable for both the metaphyseal cortical bone material and the 
cancellous bone material to be less mineralised (i.e. to be more pliant and to absorb more energy). 
The interaction between the architecture of whole bones and the mechanical properties of the bone 
material raises the interesting questions about the bone loss and fragility fractures. If one is losing 
bone material from a long bone (e.g. due to a remodelling imbalance) the stresses in the long bone 
will have to increase at certain points (Figure 1.6). Larger stress will result in larger strains. One of the 
ways strain could be reduced would be if the bones could adapt and change shape.
39
 It is known that 
during aging the cortices of long bones narrow in thickness whilst their diameters widen.
241
  
Another method that could be employed to reduce strain would be to increase the stiffness of the bone 
material (i.e. increase the mineral to collagen ratio). However, whilst „good‟ pre-yield properties go 
up with increased mineral/collagen, „good‟ post-yield properties go down with increased 
mineral/collagen (Figure 7.1).
242
 This means that the adaptation of bone material (mineralisation) to 
bone loss may reduce its ability to cope with large (post-yield) forces, e.g. falls.  
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Figure 7.1 shows schematic Stress-Strain plots for two different bony materials. The less stiff 
material (left) can absorb more energy in the post-yield region before reaching the fracture point. 
The stiffer material (right) cannot absorb as much energy before fracture. 
 
The localised tuning of mechanical properties (localised tuning of mineral to collagen ratio) within a 
long bone, like those discussed in Chapter Five, mean that the adaptation of bone material to bone loss 
may not even be observable in all regions. For instance, a femoral midshaft might increase in diameter 
to cope with new increased strains (induced by the bone loss) whereas the femoral neck may increase 
its mineral to collagen ratio. In Chapter Two, a Raman study was described in which cortical bone 
from the mid-shaft of the femur was homogenized (i.e. milled into small particles) and it was found 
that the mineralisation (amide I/ phosphate ν1) did not change with age.
126 
It would be interesting to 
repeat this experiment with bone material from different anatomical regions.  
The disruption of the gradual compositional trends by medication, and the relationship between trend 
disruption and atypical femur fractures may also be interesting to consider.
243
 If reduced turnover 
caused bone material to age and become highly mineralised in regions near the ends of the bone then 
those regions could suffer reduced toughness and thus become more susceptible to microcracks and/or 
fracture. It would be interesting to look at the Raman mineral to collagen trend along the femurs of 
people who have been taking bisphosphonates for a number of years, especially individuals who have 
suffered low energy femur fractures in the subtrochanteric region. 
The adaptation of mineralisation to changes in bone structure/architecture is interesting to consider, so 
too is the reverse case; the adaptation of whole bone architecture to bone material mechanical 
properties. For example, it is interesting to consider a situation where the mineral to collagen ratio 
(and thus Young‟ modulus) of bone material were therapeutically reduced. If the body‟s natural 
response to reduced bone material stiffness was to increase the second moment of area (as in the case 
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of the Californian gulls) then paradoxically the whole bone strength could be increased by decreasing 
the mineral to collagen ratio (since cross-sectional area accounts for a large amount of whole bone 
strength). For murine femora, variations in cross-sectional geometry account for 2.4 times more than 
variations in density and 1.8 times more than other factors (bone „quality‟).244 Thus, attempting to 
engineer the shape of bones may be as worthwhile as attempting to alter the bone material‟s 
mechanical properties (this is in addition to the increase in „good‟ post-yield properties (i.e. 
toughness) the less stiff bone material would have). 
Understanding Amide I Variation 
The results presented in Chapter Six show that the relative intensity of the peaks which comprise the 
amide I band (i.e. the relative intensity of the O1, O2 and O3 carbonyl-stretches) vary from bones with 
large differences in mineral to collagen ratio. This means that the local molecular environment the O1, 
O2 and O3 carbonyl-stretches are different in the different bones. It was discussed that this molecular 
environment will be influenced by the by the nature of the amino acid side-chains (X and Y in Figure 
7.2) but since it is unlikely that the primary protein structure differs for different bone collagens, 
another candidate must be found. One possible hypothesis is that the post-translational modification 
of the collagen differs in the different bony materials. 
 
Figure 7.2. Schematic diagram of the three chemical environments of the carbonyl groups in a 
polytripeptide chain. 
 
The addition of a hydroxyl-group to X or Y, i.e. the hydroxylation of the collagen amino acids in 
those positions, would change the chemical environment of the O1, O2 and O3 carbonyl-groups (in 
Figure 7.2) and may be a good candidate for a mineralisation control-mechanism. Figure 7.3 shows a 
tropocollagen molecule with many hydroxyproline residues in side view and end on.
36
 The hydroxyl-
groups can be seen to be protruding radially out from the collagen. These tropocollagen molecules 
group together to form collagen fibres, thus the physiochemical environment inside the fibril (between 
the molecules) or along the outsides of the fibrils (the out-facing sides of the molecules) would be 
strongly affected by the presence (or lack) of the polar hydroxyl-groups. Experiments have shown that 
surfaces covered in hydroxyl-groups are very conducive to nucleating and growing hydroxyapatite 
crystals; if similar mechanisms occur on the surfaces of the tropocollagen, then it could be implicated 
in the differing levels of bone mineralisation.
245,246
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Figure 7.3 a tropocollagen molecule side view and end on; the hydroxyl-groups can be seen 
protruding out from the molecule. Diagram from ref. 36. 
 
The addition of a hydroxyl-group to proline is not the only way selective hydroxylation can be 
hypothesized to affect mineralisation. The hydroxylation of lysine is known to be involved in the 
crosslinking between the tropocollagen molecules in the collagen fibrils. This is illustrated by genetic 
disorders of collagen such as Ehlers-Danlos syndrome type VI; for sufferers of this disorder the level 
of hydroxylation is reduced to 17% of normal in bone due to a deficiency in the enzyme lysyl 
hydroxylase and connective tissue dysfunctions such as osteoporosis follow. Conversely, over-
hydroxylation of collagen is seen in several forms of osteogenesis imperfecta, it results from 
imperfect triple helix formation and means the mineralisation of the bone material is defective.
18
  
That the level of mineralisation may be controlled through varying the hydroxylation of lysine, and 
thus varying the amount of cross-linking, may be in agreement with an older convention from I.R. and 
Raman spectroscopy. This convention is to use changes in the in the amide I band profile to measure 
changes in the collagen secondary structure and thus indirectly measure collagen cross-linking.
92
 
Chemical analysis will be needed to confirm that the differences in the spectral profile of the amide I 
band are related to post-translational modifications. 
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Central Thesis 
The data in this thesis begin to build a picture of bone material composition (and thus bone material 
mechanical properties) as a variable which evolution could act on to deal with local mechanical 
loading environments. The shape of each bone is evidently a reaction in evolutionary time to the 
influence of mechanical loading. Since bone material composition can change in evolutionary time 
(move up and down the red line in Figure 7.4), it is probable that localised composition adaptation is 
important too. It has been shown that the organic phase is chemically different for bones along the red 
line; chemical analysis of these bones will need to be added to Raman spectroscopy data presented 
here in order to ascertain whether these differences cause the variation of the mineral to collagen 
ratio. 
 
Figure 7.4 This a schematic representation of ternary diagrams  adapted from references 2 and 3, 
the data show the weight fractions of mineral, water and organic material for dozens of bone 
samples, they all lie along the red line. 
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7.2 Future Work 
A number of interesting questions have been raised during the present research, some of the questions 
are already being followed up and some will be addressed in the near future. 
SORS 
Can SORS be used to measure mineral to collagen ratio differences (and hence mechanical property 
differences) non-invasively in vivo? Can SORS be used to measure amide I band profile changes 
in vivo in diseased or aged bones? A pre-clinical trial of SORS which looks to answer these and other 
questions will begin at the UCL Institute of Orthopaedics and Musculoskeletal Science at the Royal 
National Orthopaedic Hospital (Stanmore) in 2011. 
Beam Enhancer 
Can the beam enhancer technique described in Chapter Three be used to enhance SORS signal during 
those pre-clinical trials? The beam enhancer should increase the depth at which Raman spectra can be 
retrieved; if a certain number of Raman photons (X) can be retrieved from bone material through 
Y mm of skin and overlying tissue without the beam enhancer, then X + ΔX photons should be 
retrieved with it, and X photons should retrievable through Y + ΔY mm. These issues will be 
investigated in the SORS study. 
Change along Proximodistal Axis 
Are the local changes of collagen to mineral ratio present in the human femur? Is the pattern changed 
in diseased, aged or medically altered bone? A Raman instrument has been recently been delivered to 
the UCL Institute of Orthopaedics and Musculoskeletal Science at Stanmore, it will be used to answer 
these questions. 
Chemistry 
What is causing the amide I band profile to change between the highly mineralised bone material, the 
standard bone material and the less mineralised bone material? Biochemical analysis (High-
performance liquid chromatography) of the collagen from antler bone material, metacarpal bone 
material and tympanic bone material is already underway. The research will look at the ratio of α1 to 
α2, the crosslinking and the hydroxylation of proline/lysine. If the source of the amide band profile 
change is found, studies will begin to investigate how this could affect mineralisation. 
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Overall Conclusions 
The main conclusions of this thesis are 
 A correlation exists between Raman bands (specifically the intensity ratio of the mineral 
bands to the collagen bands) and the mechanical properties for bony materials that differ 
widely in mineral volume fraction 
 The cortices of long bones have regions where the mineral to collagen ratio vary in a regular 
way and these variations can be measured with Raman spectroscopy 
 There are qualitative differences in the collagen of bony materials with widely differing 
mineral volume fractions 
Taken together these conclusions add weight to the hypothesis that the mechanical properties of bone 
material are adapted in differently loaded regions by a subtle tuning of the collagen chemistry. 
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Appendices 
 
Appendix 1.  
Technique for Enhancing Signal in Conventional Backscattering Fluorescence and Raman 
Spectroscopy of Turbid Media 
Appendix 2.  
Non-invasive Analysis of Turbid Samples using Deep Raman Spectroscopy 
Appendix 3.  
Recent Advances in the Application of Transmission Raman Spectroscopy to Pharmaceutical 
Analysis 
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